Russian Chemical Reviews 75 (10) 919—-934 (2006)

© 2006 Russian Academy of Sciences and Turpion Ltd

DOI 10.1070/RC2006v075n10ABEH003646

Topological structure and relaxation properties of branched polymers
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Abstract. Topological structures of branched polymers, including
weakly and highly branched chains, star-shaped, H and pom—
pom polymers, dendrimers and comb-like, hyperbranched and
critically branched polymers, are characterised. Experimental
data on their rheological and relaxation properties are analysed.
Theoretical approaches to the description of relaxation spectra of
branched polymers are outlined. The bibliography includes 272
references.

1. Introduction

The relaxation properties of polymers are to a large extent
determined by their architecture.! Nevertheless, such factor as
branching that influences large-scale relaxation has received much
less attention than the molecular mass distribution (MMD).
However, the branching factor has attracted considerable interest
in recent years? due to the fact that the scope of synthesis of
branched-chain polymers with desired topological structures has
been widened.? 3

In recent years, the line of investigation associated with the
synthesis of hyperbranched (superbranched) polymers (HBP) has
been extensively developed in polymer chemistry and techno-
logy.>~ 13 This interest is due to the fact that hyperbranched
polymers have unique properties. Nanosized HBP particles are
soluble in virtually all media and have a high sorption capacity.!#
Due to this fact, HBP have found wide use in technology
(polymeric and construction materials, paint and varnish produc-
tion, organic glasses, nanocomposites, etc.), electronics and
microelectronics (polyelectrolytes, semiconductors, polymeric
plasmons, etc.), chemistry (nanosized reactors), medicine (phar-
macological nanocontainers) and ecology (sensitive environmen-
tal sensors).!!-13-15 In the early stage of the development of science
and technology of branched polymers, dendrimers, i.e., polymers
having highly regular topological structures (regular Cayley trees,
RCT), have been considered as HBP. In scientific literature,
emphasis has been given to the development of procedures for
the synthesis of dendrimers > %2 and investigation of the rheolog-
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ical and sorption properties  1° associated primarily with the use
of dendrimers as transporting agents (for example, to deliver
drugs to targeted sites). Evidently, the synthesis of dendrimersis a
very complex problem because a stepwise increase in the number
of generations is required to meet the condition of regularity of the
structure.

In recent years, studies on the synthesis of HBP by conven-
tional methods of polymer chemistry, i.e., by polycondensation
and polymerisation, have been extensively carried out.!!-!2 The
resulting topological structures are less regular than those of
dendrimers (irregular Cayley trees, ICT). Macromolecules formed
by these methods are characterised by a broad molecular mass
distribution and a broad distribution oevr the number of peri-
pheral branches. Nevertheless, the desired properties of these
macromolecules are only slightly worse than those of dendrimers
and such macromolecules are relatively cheap due to a low cost of
the starting materials and the simple synthesis technology.

The relaxation properties of dendrimers were studied in
sufficient detail both experimentally®14-24 and theoreti-
cally.?>—3* However, studies on the relaxation properties of HBP
with an irregular topological structure are scarce. A knowledge of
these properties can apparently be obtained by analysing the
published data on the influence of branching of polymer chains
on their relaxation behaviour. In other words, the relaxation
properties of weakly and randomly branched polymers, star-like,
comb-like, H and pom—pom polymers and critically branched
polymers formed in the vicinity of the gel point are of considerable
interest. This problem is dealt with in the present review.

I1. Architecture of branched macromolecules

The following topological types of branched polymers were
described in the literature.

1. Randomly branched polymers. The branching number can
vary so that macromolecules can be both weakly and highly
branched. This type of polymers is characterised by the branching
number per chain or per a particular chain length and the average
molecular mass of branches. In essence, the topological structure
of branched macromolecules is ICT. Each numbered branch
(starting from one end of the main chain) belongs to a particular
generation. The structures of these chains are determined by the
kinetics of the process of their formation, in particular, by the
kinetics of the chain transfer reaction through the polymer (as in
the case of radical polymerisation of ethylene or vinyl acetate).

2. Comb-like polymers are formed if side chains (which can be
rather long) are attached to the main chain more or less regularly.
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Generally, the functionality of the branching points (f) is three.
However, comb-like macromolecules with = 4 (‘centipedes’) and
f= 6 (‘barbed wire’) are also known. Polymeric molecules with
densely attached side branches are considered as one-dimensional
polymers (cylindrical brushes).

3. Star-shaped polymers are characterised by the number of
branches (arms) coming from a single centre, the functionality and
the molecular mass of branches (M,). It is generally assumed that
all branches have the same length. Asymmetric three-arm stars are
sometimes called T polymers (two short arms and one long arm)
and Y polymers (one short and two long arms).

4. H polymers. By H polymers are meant chains carrying two
branches of equal length at each end. These polymers can be
characterised by the following two parameters: the molecular
masses of the chain and branches.

5. Pom—pom polymers are structurally analogous to H poly-
mers with the difference that the number of branches at both ends
is larger than two. Hence, these polymers are characterised by an
additional structural parameter, viz., the number of branches at
each chain end.

6. Dendrimers are star-shaped (in some publications (see, for
example, Refs 25, 27 and 34) these polymers are called ‘star-
bursts’). However, branches coming from the centre belong to the
first generation. The arms are branched at the ends to form the
second generation of branches, which, in turn, are branched at
ends to form the third generation, efc. If the first generation
consists of fy branches and each branch point generates f'branches
in the next generation, the total number of branches in the kth
generation is

P = fof*—L

The total number of branches in a macromolecule consisting of G
generations is

G G
=1

P; = E = fi .
G k:]Pk Of—l

(M

7. Hyperbranched polymers. The above-described polymer
structures are, in essence, HBP. However, since these structures
are commonly called dendrimers, the term HBP will be used in
reference to tree-like macromolecules with irregular structures
(ICT topological structures), which are prepared by conventional
polymerisation or polycondensation methods.

The structures of HBP, unlike those of dendrimers, were not
unambiguously determined. Hence, a priori conclusions about the
structures of such polymers can be drawn based on the character-
istic features of the mechanism of their formation. Polycondensa-
tion of AB,-type oligomers, for which f'is generally equal to 2, is
the simplest (from the kinetic point of view) industrial synthesis of
HBP.!13 This process was theoretically studied by the Flory
method of combinatorial analysis.>> More recently, various stat-
istical 3¢~3! and kinetic methods, including computer simula-
tion,*%-32-63 have been used to calculate the MMD function.

In the absence of cyclisation, HBP macromolecules prepared
by the above-mentioned method contain one unreacted functional
group of type A and (fn—n+ 1) functional groups of type B (n is
the number of monomeric units in the molecule). Hence, the
degrees of conversion at these groups (aa or ag, respectively) are
related to each other by the following equation

oA :fOCB .

The distribution function over groups B is determined by the
equations

<b>n:(f_ I)Fn+17
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where the average degrees of polymerisation (in the absence of the
substitution effect, i.e., calculated statistically) are as follows:
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It is evident that both the average degrees of polymerisation
and their ratio characterising the width of the molecular mass
distribution and, correspondingly, the distribution over func-
tional groups B increase indefinitely with increasing degree of
conversion.

An alternative method of calculation of MMD for hyper-
branched polymers based on the principles of percolation
theory %* was developed in Ref. 59. If an HBP macromolecule is
represented as a critical cluster, the distribution function (i.e., the
fraction of molecules containing » monomeric units) is described
by the equation

n
Py =0 ( )
nmax

where, according to the percolation theory,®> 1 =3/2,
S~ exp(—n/nmax), Mmax ~ (I*OCA)il/J, o = 1/2. For HBP, the
distribution function takes the following form:

n172

n
———exp| ———
Py = I't—2,p8) p( nmx) at Ny < 1 < fax;

0 at Npin > 1> Ny,

I’ is the incomplete gamma function, and ff = nyi /Aimax.

The so-called Frey parameter ® or the degree of branching
(DB), which is equal to zero T for linear polymers and equal to
unity for ideal dendrimers, is used for topological characterisation
of more complex systems (for example, of those prepared by
polycondensation AB;+ B, or polymerisation). For systems
consisting of AB>-type oligomers, this parameter is equal to the
ratio of twice the number of branching units () to the sum of
twice the number of branching and linear units (/)

2d
DB=——.
2d+1

For oligomers ABy,

fd
DB=——.
fd+1
Finally, in the general case, including various polymerisation
methods of synthesis (and not only of HBP),

__dtt
d+t+1°

where ¢ is the number of end units. As an example, let us mention
the results of the study,®® where the structure of commercial HBP
‘Boltorn’, which was prepared by polycondensation of 2,2-bis-
(hydroxymethyl)propionic acid with pentaerythritol as the central
core, was examined. Due to the statistical character of the process,
the macromolecules contained all three types of fragments
(Table 1).

T To be more precise, 2/ P, ~ 0.
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Table 1. Characteristics of HBP ‘Boltorn’.%®

(P, d (%) 1 (%) 1(%) DB
16.68 13.5 28.5 58.0 0.42
21.37 16.5 26.5 57.0 0.43
61.36 17.5 235 59.0 0.41

Evidently, variations in either the structure 7 or concentration
in the central core® will lead to changes in the degree of
branching.

For example, it was demonstrated ®® that DB for the poly-
condensation product of compound 1 is 0.49, whereas DB are 0.62
and 0.67 for copolycondensation of compounds 1 and 2 in 2:1
molar ratios of 1:57 and 1: 28, respectively.

F
j
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The topological structure of HBP is determined by the kinetic
parameters of the processes of their formation. In a number of
studies,> ¢ the degree of branching was demonstrated to be
dependent on the ratio of the kinetic constants of the first (ki)
and second (k2) addition, i.e., on the substitution effect, even in the
simplest case of polycondensation of AB»-type oligomers. In the
caseof k| = k»,i.e.,in the limit, atag = 1, DBis 0.5. The degree of
branching increases and approaches unity as the k»:k; ratio
increases; and DB decreases as this ratio decreases. In other
words, the positive substitution effect results in that HBP are
similar in the branching parameter to dendrimers, although the
topological structure of HBP corresponds to ICT due to the
statistical character of the process. In the case of the negative
substitution effect, HBP have an architecture of linear polymers.
The results of kinetic analysis of the structure of a model polymer
(a computer model) performed in the study #° are given in Table 2.
The structure of the macromolecule was expressed in terms of the
relative concentrations of the diads of the monomeric units of
different types: branching units containing both reacted groups B,
end units containing both unreacted groups and middle units
containing one reacted group B.

Table 2. Influence of the ratio of the kinetic constants of the first and
second addition on the characteristics of the structure of a model
polymer.*®

Parameter @ ki:kr=1:1 ki:ko=1:01 ki:ky=1:10
I—t 0.125 0.065 0.047
-1 0.250 0.715 0.012
I-d 0.125 0.065 0.047
d—t 0.125 0.012 0.399
d-1 0.250 0.131 0.096
d—d 0.125 0.012 0.399
T 0.250 0.078 0.447
L 0.500 0.844 0.106
D 0.250 0.078 0.47
DB 0.50 0.156 0.894

aT, L and D are the fractions of the monomeric units 7, / and d,
respectively.

Polycondensation of monomers, such as p-chloromethylstyr-
ene (inimers),%® in the presence of a polyfunctional initiator is a
prominent example of the influence of the kinetics of the for-
mation of HBP on their structure. It was demonstrated 7% 7! that
the polydispersity and the degree of branching of the product can
be changed by varying the rate of addition of the monomer into a
reactor.

The cyclisation reaction has a substantial effect on the
topological structure of HBP.>354.72.73 For example, polycon-
densation of 2,2-bis(hydroxymethyl)propionic acid was demon-
strated 33 to afford macromolecules containing rings that are
formed as a result of the intramolecular reaction of the acidic
and hydroxy groups (Table 3).

Table 3. Mole fractions of poly[2,2-bis(hydroxymethyl)propionic acid]
macromolecules containing rings at different degrees of conversion (oa)
and degrees of polymerisation (n).>3

n o = 0.840 aa = 0.947 oa = 0.981
4 0.15 0.30 0.48
5 0.30 0.47 0.60
6 0.39 0.46 0.83
7 0.28 0.47 0.75
8 0.29 0.42 0.75
9 0.34 0.66 0.77

10 0.27 0.61 0.74

11 0.24 0.48 0.68

12 0.29 0.63 0.87

13 - 0.64 0.92

As can be seen from Table 3, the molar fraction of macro-
molecules containing rings is virtually independent of the degree
of polymerisation (the exception is the tetramer) but noticeably
increases with increasing degree of conversion. It should be noted
that cyclisation substantially limits the average degree of polymer-
isation so that P is finite even at aa = 1. This fact was confirmed
experimentally 73 in the study of siloxysilane-based HBP of types
AB>, AB4 and ABg and theoretically by the results of kinetic
calculations and computer simulation.>3 474 The in-depth study
of polycondensation of oligomers AB, and AB4 by the Monte
Carlo method demonstrated 7# that, in the limit, all macromole-
cules contain rings of which more than 80% are the simplest rings,
so that the average ring size for these oligomers is 1.65 and 1.39,
respectively. In this case, the maximum average degrees of
polymerisation are 10.7 and 7.5, respectively.

The fact that the structural characteristics (DB, M,, and M,,)
of commercial HBP ‘Boltorn H40’ differ substantially from the
corresponding values calculated by probability methods is attrib-
uted 7° to the influence of various kinetic factors. Evidently, these
factors have a more pronounced effect in the polymerisation
method of synthesis of HBP. For example, the width of MMD in
the case of radical copolymerisation of methyl methacrylate with
ethylene glycol diacrylate (the molar ratio is 100:15) in the
presence of dodecylmercaptan as a chain-transfer agent substan-
tially depends on the concentration of the latter (Fig. 1). Both the
ratio (M), /(M), and (M), exponentially decrease with increasing
concentration.”®

When considering the properties of branched polymers, the
following fact should be taken into account. Weakly branched
macromolecules, such as polymers with rarely attached side
branches, H polymers and stars with a small number of arms,
are characterised by the absence of intramolecular steric hin-
drance so that all branches adopt a Gaussian conformation.
Comb-like polymers, stars with a large number of arms, den-
drimers and HBP are characterised by intramolecular steric
hindrance and only peripheral fragments of their chains can
adopt a Gaussian conformation. These macromolecules consist
of a core with an extended conformation of the chains and low-
mobility monomeric units and the peripheral shell with the
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Figure 1. Plot of the parameters of the topological structures of HBP
prepared by radical copolymerisation of methyl methacrylate with ethyl-
ene glycol diacrylate in the presence of dodecylmercaptan as the chain-
transfer agent vs. the concentration of the latter.”®

()(M),,, (D)(M),,/ (M),.

Gaussian conformation of the chains and flexible monomeric
units.?> 7778 According to theoretical 7 and experimental 8 data,
peripheral chains are somewhat extended.

The presence of this heterogeneous structure is reflected in the
ratio of the hydrodynamic radius of the macromolecule (Rp) to the
radius of gyration (R,)

_ Ry
R,

This parameter quantitatively characterises the average density of
monomeric units in the globule formed by the polymer.8! For
example, p = 1.291 for a dense sphere, p = 0.73—0.78 for linear
polystyrene, and p is 1.043 and 0.971 for ~ 50-arm stars contain-
ing branches with a molecular mass of 10* and 2 x 10%, respec-
tively. A decrease in the average density with increasing length of
branches is evidently associated with the change in the ratio of the
volume of the core to the volume of the shell.

Study by pulsed NMR spectroscopy demonstrated 7® that
hyperbranched poly(ether ketones) have a heterogeneous struc-
ture. Two correlation times are indicative of the presence of a solid
core and a loose shell.

The solid-like structure of the core of 3-ethyl-3-(hydroxyme-
thyl)oxetane-based HBP is evidenced by the results of the study of
the value and structure of the free volume by the positron
annihilation method.®? The free volume increases with increasing
DB, whereas the glass transition temperature decreases. At the
same time, the presence of a solid-like structure (paracrystalline
structure according to the classification proposed in the study %)
with a certain distribution of the free volume over holes is detected
even at temperatures higher than 7, .

Due to interactions between branches, the rigidity of comb-
like macromolecules increases,3384 so that such polymers adopt
an extended conformation even in 0 conditions.®>

8. Critically branched macromolecules (critical clusters). The
formation of cross-linked polymers by all methods (polyconden-
sation, polymerisation or cross-linking) is accompanied by a
substantial increase in the molecular mass and broadening of
MMD as the conversion approaches the critical value o (the
gelation point).3%86-8 For example, experiments demon-
strated 8 that polycondensation leads to an exponential increase
in the molecular mass in the vicinity of o

M, oc Jo, — o 7,

where y = 1.8 £ 0.3. According to the mean-field theory,3 y = 2,
whereas 7 = 1.74 according to the percolation theory.®* Once the
gel point is achieved, an infinite cluster is formed,’*°! and then
this cluster is transformed into a gel fraction. After gel point is

attained, the width of MMD of the components of the finite-size
sol fraction decreases.®%8 Therefore, polymers have a specific
topological structure at the gel point, and this structure is
characterised in terms of the formalism of fractal geometry.®4 92
The fractal dimensionality of the cluster (Dy) determines the
relation between the volume and the mass

R o Ml/Df,

where R is the radius and M is the mass of the cluster. It is
known %3-%4 that Dy = 2 for linear ‘bodyless’ chains, and D¢ = 5/3
if the excluded volume effect is taken into account. According to
the percolation theory,%*°%> D¢ = 2.53 in the critical conversion
region. Consequently, branched macromolecules have smaller
volume in this region compared to linear chains.

I11. Rheological properties

The viscosity () of melts of linear polymers is related to their
molecular masses in a complex way. Low-molecular-weight com-
pounds are characterised by a linear dependence, whereas macro-
molecules whose molecular masses are larger than the critical
value (M.) are characterised by an exponential dependence, the
exponent being generally taken equal to 3.4 +0.2 (see Refs 94—96)
(in the studies,”’—%? this exponent was found to be 4). The change
in the type of the dependence is attributed to the formation of a
entangled network accompanied by a change in the type of motion
of macromolecules (from free to reptation).”*~°¢ The average
molecular mass of entangled networks is expressed by the equa-
tion
M,

5
According to the classical reptation theory,®> %

noc M3,

M. =

but this relation is true only for very large molecular masses
(M > M,). In particular,®® for 1,4-polyisoprene M > 2x 103,
whereas M. = 1.35 x 10,

It is known86.100-102 that the viscosity of polymers is
described by the dependence

nocn]” or noc RY,

where [#] is the characteristic viscosity, the exponent v ~ 6—7, and
R is the rms radius of the globule. The validity of this relation was
experimentally established for different types of polymers, such as
linear polymers with different degrees of rigidity, cyclic polymers,
star-shaped polymers with different branch numbers, H polymers,
comb-like polymers, randomly branched polymers and cross-
linked polymer globules.!03-107

Therefore, if the viscosity is considered as a function of the
globule size (an argument), it is independent of the topology of the
polymer. However, the globule size is very sensitive to the chain
structure.®* 108-116 For macromolecules with equal molecular
masses, the larger the branching in the macromolecule, the smaller
the rms radius of the globule. The shrinkage factors g for multi-
functional stars, i.e., the ratios of the characteristic viscosities of
star-shaped and linear polymers with equal molecular masses
under 6 conditions, are given as an example in Table 4.

There is evidence that the ratio of the radius of gyration of a
macromolecular star to the radius of gyration of a branch
increases depending on the functionality only to /'~ 6 and remains
unchanged upon a further increase in f.''7 This is also true for stars
with a polydisperse length distribution of branches.

In the study,''® branched polyethylene macromolecules were
synthesised and their topological structures were determined.
These macromolecules were demonstrated to be A,B-type three-
arm stars (T polymers), pom—pom and comb-like polymers. The
following equations were demonstrated to be fulfilled with high
accuracy.
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Table 4. Dependence of the size of a globule formed by stars on their
functionality (the number of arms).

Polymer Solvent T/°C f g Ref.

Polystyrene Cyclohexane 35 3 0.78 111
4 0.63 111
6 0.46 111
12 0.275 112
Polybutadiene Dioxane 26.5 32 0.151 113
64 0.092 114
270 0.06 115
Polyisoprene Dioxane 34 4 0.65 111
6 0.46 111
Polytetrahydro- THF 25 3 0.81 116
furan 6 0.64 116
For stars,
65 2
$=l "Gy

where s is the ratio Ma/Mp, u = Ma/M, and M is the molecular
mass of the polymer.

The plot g(u) is a curve with a minimum, the minimum value
g = 7/9 corresponding to a star with equal arms. Aty = 0and 1, g
is equal to unity, because a linear chain is formed in both cases.

For pom—pom polymers,

3 1 3f—1

g=1'+32(1—p) + 3 (jf%)u(l -+ J;f

where u = Mo/M, My is the molecular mass of the main chain, and
fis the functionality of the branching point.
For comb-like polymers,

(1—p),

2p+1
3 2
—

g=uw + 1.“

42 3p—2
(lfu)+pTﬂ(1*u)2+ ppz (1—n)?,

where u = My/M and p is the number of side branches.

In the last-mentioned two cases, the plots g(x) are monotonic
curves. As u — 1, the functions g(u) tend to unity. When u — 0,
i.e., when most of the polymer mass is in branches, these functions
tend, respectively, to

It should be noted that the latter equation is not fulfilled for
comb-like polymers based on polystyrene !'%-120 and poly-
(a-methylstyrene).!?!

An ellipsoid shape typical of linear macromolecules is trans-
formed into a spherical shape in the case of symmetric star-shaped
polymers, the asphericity decreases with increasing number of
arms.!??

In the presence of branches, the characteristic viscosity
depends more weakly on the molecular mass [the Mark — Kuhn —
Houwink (MKH) equation]. For example, the [n] functions
(tetrahydrofuran, 30 °C) of the molecular mass of polystyrene
with different topological structures take the following form:®!
for linear polymers,

7] =9.6x10-5M%7 ,

for 8-arm stars,
1] = 1.42x 104 M 5% |

for polymers with the number of arms > 20,

] = 6.45x 10— M %%,

Dendrimers are characterised by an even weaker dependence.
For example, the exponent in the MKH equation for a propylene-
imine-based polymer containing the diaminobutane core and for a
polyamidoamine-based polymer is 0.235'23 and 0.05,'2* respec-
tively.

Theoretical analysis of the dynamics in dendrimers demon-
strated 27 that the characteristic viscosity linearly depends on the
number of generations (calculations were performed up to the
seventh generation). A linear dependence was found also for HBP
prepared by polycondensation of 2,2-bis(hydroxymethyl)pro-
pionic acid with tetrafunctional ethoxylated pentaerythritol as
the central core.!?® It should be taken into account that the notion
of generation for HBP is arbitrary and implies not the macro-
molecular structure but the composition of the reaction mixture.
The first generation is formed when the reactants are used in a
molar ratio of 1:4; the second generation, in a molar ratio of
1:12; the third generation, in a molar ratio of 1:28, etc. [see
Eqn (1)]. As opposed to dendrimers, the width of MMD for HBP
increases with increasing number of the generation (Fig. 2).
Figure 2 shows also the dependences of the characteristic viscosity
and the exponent (a) in the MKH equation vs. the number of
generations. Evidently, it is the increase in the polydispersity of
HBP that leads to an increase in the two last-mentioned character-
istics.

o
s 10 [ 4
Tw . *
g 6 . . ] o1
= o ° o2
2 24 ° a3
=03 r
P A
=
T2 ¢ 4 | 1 1 I

2 3 4 5 G

Figure 2. Dependence of the parameters of the topological structure of
HBP prepared by polycondensation of 2,2-bis(hydroxymethyl)propionic
acid on the number of generation.!??

(M), /(M) (2) [n], (3) the exponent in the MKH equation.

Study of the structures of dendrimers3? by Monte Carlo
computer simulation using the bond fluctuation model '2¢- 127
demonstrated that the hydrodynamic radius of the macromole-
cule almost linearly increases with increasing number of the
generation G, whereas the analogous plot of the characteristic
viscosity is a curve with a maximum (Fig. 3). These results are in
agreement with experimental data !28 for dendrimers based on 3,5-
dihydroxybenzyl alcohol with 1,1,1-tris(4-hydroxyphenyl)ethane
as the central core. The non-monotonic character of the curve
[7] = A(G) was found also in the studies.?? 129132

However, there is experimental evidence for the absence of the
maximum in the plots of [#] vs. the number of the genera-
tion.!33-135 Data for a polybutylcarbosilane dendrimer 33 pre-
sented in Fig. 3 (straight line 3) serve as an example.

The non-monotonic character of the dependence under con-
sideration is due to a change in the fractal dimension of the
macromolecule as the number of generations of the dendrimer
increases. The authors believe 32 that the behaviour changes from
being of polymer type to colloidal type. Actually, as can be seen
from the results of the study3? presented in Fig. 4, the density
distribution of monomers in the bulk of the globule becomes more
uniform (excluding the central core) with increasing G. Analogous
results were obtained in the study3?> by molecular dynamics.
Analysis of the ratio of the radius of gyration of the globule R
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Figure 3. Plots of the characteristics of a dendrimer globule on the
number of generation.

(1) [n), (2) the hydrodynamic radius Ry (computer simulation data 33),
(3) [n] x 103 (results of the study '3%).

Density (rel.u.)
04

02

0 1 | | 1
20 40 60 80 100

Radius /lattice step

Figure 4. Density distribution of monomeric units in the bulk of a
dendrimer globule based on computer simulation data.
The numbers of generations are given above the curves.

formed by different dendrimers to the hydrodynamic radius Ry
depending on the number of generations G demonstrated 2# that
this ratio varies from 1.17 (typical of Gaussian chains) to 0.77
(characteristic of a solid sphere). In other words, the average
density of monomeric units in macromolecules increases with
increasing globule size.

However, the character of the density distribution depends to
a large extent on the following factors: the degree of intermolec-
ular interactions between branches,'3? the exclusion volume !3¢
and the flexibility of branches.'?” In the absence of an extreme
dependence, polymers are characterised by high density, which is
the same for different generations (this fact was demonstrated in
the study '3). In other words, in these cases dendrimers of all
studied generations exhibit properties of colloidal rather than
polymeric particles.

As for HBP, an analogous dependence for the characteristic
viscosity was found by computer simulation.!3® To our knowl-
edge, direct experimental evidence is lacking.

Branched chains are characterised by a complicated thermo-
rheological behaviour 197- 139149 due to the fact that the effective
energy of viscous flow of branched polymers (unlike that of linear
polymers) depends on the molecular mass, MMD and the degree
of branching. It is even proposed to use these dependences for the
determination of weak long-chain branching, which cannot be
revealed by other methods.'*® For example, the temperature
dependence of the viscosity of a low-density polyethylene melt

characterised by long-chain branching was demonstrated ! to be
a function of MMD. The effective activation energy (E,) of flow
increases from 25.5 to 36.8 kJ mol~! as the polydispersity index
(M),,/(M), changes from 3.3 to 12.7.

Analogous results were obtained for polycarbonate.!3! The
temperature dependence of flow of linear polycarbonate is deter-
mined by E, = 109 kJ mol~!, whereas E, = 121 kJ mol~! for a
branched polymer (~0.7 branchings per chain) with approxi-
mately the same molecular mass and the polydispersity index.

The relationship between E, and the degree of branching L
(L <1 per 10* carbon atoms of the polyethylene chain) is
represented by the relation: 47

E,oc ML
It was demonstrated 1°2 that
E, oc logM,,,

if the polyethylene chain adopts a configuration of three- or four-
arm symmetric and asymmetric stars as well as of H- and comb-
like (up to 30 branches) polymers.

The prevailing opinion is that the thermorheological effect is
associated with the globule size. It is suggested that the influence
of the temperature on the viscocity is determined not only by the
temperature dependence of the friction coefficient but also by the
temperature coefficient of the globule size '3

2
. dIn(r7) ’
dT

where (%) is the rms radius of gyration of the macromolecule. The
coefficient x increases with increasing degree of branch-
ing.107. 142,143 Ag a consequence, the effective activation energy
of viscosity also increases.

Graessley hypothesised 13° that the part of the activation
energy associated with the branching effect is related to the branch
length by the equation
M,

M.’
where A is the coefficient dependent on the chemical structure of
macromolecules and the coefficient «.

However, it appeared that the relationship between A and x is
rather complex and even non-correlated.!>'>* Apparently, the
nature of the thermorheological effect is not associated with the
topological properties of the macromolecular globule. Actually,
globules formed by macromolecules, including those formed by
branched molecules, !> in blocks have a 0 size and the temperature
has no effect on this parameter, as opposed to the state in dilute
solutions.”* The concentration of entanglements is also temper-
ature independent because the entanglements are not energetic in
nature.”* However, the temperature exerts a strong effect on the
concentration and the lifetime of branching points of the physical
network, %% such as nematic clusters.!>” This hypothesis is sup-
ported, for example, by the fact that the thermorheological
properties are typical of polyethylene,'#”-13% which is prone to
crystallisation and, consequently, to the formation of nematic
clusters, but is not typical of an essentially amorphous polystyr-
ene.'>* Therefore, the phenomenon under consideration is most
likely associated with the physical network rather than with
entanglements. The fact that it is necessary to take into account
energy interactions was also noted in the study,'*® where a hairpin
model, viz., intrachain folded structures, was considered.

The characteristic viscosity of weakly branched polyethylene
chains (the number of branches per 10* carbon atoms of the main
chain <1) is similar to that of linear chains with the same
molecular mass,'®0-163 but the viscosity of the former is
higher.!47-158,161-164 For example, the region of the degrees of
branching L up to 0.5 per 10* carbon atoms is characterised !4 by

1 oc exp(5.6 L).

Eb:A
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An increase in the viscosity with increasing degree of branch-
ing was observed for polypropylene as well.!63

The viscosity of polyethylene was demonstrated '>2 to depend
approximately exponentially on the molecular mass if the chain
adopts a configuration of three- or four-arm symmetric stars,
asymmetric stars or H polymers. For symmetric stars, the follow-
ing relation is fulfilled:

N oC Mg‘s.

For asymmetric stars, no analogous relations were found.

In the study of 1,4-polyisoprene, the viscosity of three-arm
stars, including asymmetric stars, was demonstrated '°® to depend
on the molecular mass of the largest branch as M 32 (M,/M. was
varied from 7 to 43).

For moderately and highly branched polyethylene macro-
molecules (the number of branches per 10* carbon atoms of the
main chain is much larger than unity), g < 1. As a consequence,
their viscocity is lower than that of linear macromolecules with the
same molecular mass.'®” Analogous results were obtained for
polypropylene (the number of branches varies from 0.8 to 7.8 per
10* carbon atoms)'® and poly(methyl methacrylate) (185
branches per 10* carbon atoms).!®® In the former case, the
viscosity decreases by a factor of ~50, and it decreases by more
than two orders of magnitude in the latter case.

In the reptation theory of star-shaped chains,? 154170 the
following equation was derived:

M\’ M,

v (37) ol37) @
where b and v are model parameters.

Relation (2) reflects the fact that the ratio of the radius of a
globule formed by star macromolecules to the radius of the branch
is independent of the number of branches at > 6, this relation
being true for both monodisperse and random length distributions
of branches.!”! Actually, it was experimentally demonstrated 72
that the viscosity of star-shaped polymers is independent of the
branch number if the latter is larger than three, but the viscosity
depends almost exponentially on M, .°%173 The corresponding
data for monodisperse star polyisoprene are shown in Fig. 5. It
can be seen that the number of branches is of no significance.
Polymers with small M, (see Fig. 5 a) obey the power law with the
exponent of 2, and polymers with large M, (see Fig. 5b) are
governed by the exponential law according to Eqn (2).

The rheological properties of dendrimers with a small number
of generations (G < 4) are similar to those of star-shaped poly-
mers.2!-130-174 Dye to a spherical shape and a rather close packing
of dendrimers with a large number of generations, the properties
of solutions and melts of such polymers are analogous to those of
colloidal compounds.!?-21,23,32,130,174,175 The dependence of the
viscosity on the molecular mass of amidoamine-based dendrimers
was demonstrated 7> to be quadratic for low G and linear for high
G (G varies from 1 to 7, and the molecular masses vary from
5x10% to 1.17 x 10%). The same dependences were found for
propyleneimine-based dendrimers.!® This was confirmed by data
from computer simulation by molecular dynamics.3?

Since the topological structure of HBP can vary over a wide
range, the rheological characteristics of these polymers are ambig-
uous. The plots of the viscosity of HBP prepared by copoly-
condensation of  ABa-type monomers  {N-[3,5-di(tert-
butyldimethylsilyloxy)phenyl]-4-fluorophthalimide} with AB-
type monomers { N-[3-(tert-butyldimethylsilyloxy)phenyl]-4-fluo-
rophthalimide} 176 vs. the degree of branching and [i] = f{DB)
(see Ref. 177) are presented in Fig. 6. A decrease in the degree of
branching due to an increase in the fraction of linear fragments in
the structure of a copolymer leads to an exponential increase in the
volume of a globule formed by the macromolecules and, con-
sequently, in the viscosity of HBP melts.

The viscosity of highly branched polymers is also de-
scribed by the relation (2).1%-173-178:179 1t was experimentally

925
logn (Pas) a
o]
A
6 |-
oo
o
A
4 r 6—_&.
e}
~
AD
2+ 02~
rad
V3
&7 o]
/A/
0 1 | ° 2
4 5 logM, a3
logn (Pas) b A4
2 ° >
6 e =6
/D’ o x 7
o~
-
o 7a
L
4 r DUOX
o
-
-~
(=}
2 o
g
A
A
A
0 L |
4.0 8.0 10~4 M,
Figure 5. Plots of the viscosity of the polyisoprene melt vs. the molecular

mass of the arm in logarithmic («) and semilogarithmic (b) coordinates.!”3
The functionality: (1) 4, (2) 5, (3) 8, (4) 12, (5) 18, (6) 27, (7) 33.

found 96-107.154.180-182  that in this case 0.5<bh <2, v<1
(according to the reptation theory,’® b = 2, v = 15/8).

As in the case of linear polymers, the dependence of the
viscosity of solutions and melts of branched polymers on the
conditions of their deformation, i.e., non-Newtonian flow is
observed only for rather large molecules. At the same time, the
degree of branching plays an important role. It was demon-
strated 197 that the critical shear rate y., which determines the
region where the viscosity begins to decrease with increasing shear
rate, increases with increasing degree of branching of weakly
branched low-density polyethylene. These results were confirmed
by the data from computer simulation by molecular dynamics.'$3
Analogous results were obtained for polycarbonate.'>! For the
same degree of polymerisation, star-shaped (from 3 to 6 arms),

logn (Pas); log[n] (ml g—")
6 -

0 0.1 0.2 0.3 0.4 DB

Figure 6. Plots of the viscosity of the melt (/) and the characteristic
viscosity (2) of HBP vs. the degree of branching.!7¢-177
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comb-like (from 4 to 8 branches) and H polymers are character-
ised by higher viscosity at high shear rates compared to linear
polymers. At the same time, linear polymers are characterised by a
larger difference between normal stresses. Branched polymers
have a high longitudinal viscosity 84185 and are characterised by
an increase in the viscosity with time in the course of uniaxial
deformation.!08-186-193 The higher the degree of branching the
larger the increase in viscosity. Highly branched polyethylene,
which was prepared with the use of the complex (Pd + diimine)
catalyst, shows Newtonian flow behaviour.!%*

In studies of polyamidoamine,?!-174 it was demonstrated that
dendrimers exhibit the same properties; the smaller the number of
the generation G, the larger y.. At G = 1, no decrease in the
viscosity in the region of shear rates under study (approximately
up to 3x 102 s~ 1) was observed. The effect of a decrease in the
viscosity with increasing molecular mass of propyleneimine-based
dendrimers and HBP having a chemical structure of ester and ester
amide was found in the study.!® The viscosity of low-molecular-
weight compounds (M, < 4.3 x 102) is independent of the shear
rate (Newtonian flow). Melts of a dendrimer based on 2-dime-
thylpropionic acid up to the fifth generation inclusive '’ and a
dendrimer based on polyamidoamine at low temperatures up to
the sixth generation behave analogously. At higher temperatures,
the viscosity depends on the shear rate, the temperature range of
Newtonian flow decreasing with increasing number of the gen-
eration. For G = 2, Newtonian flow is retained up to 85 °C; for
G = 4,upto 70 °C, whereas the dependence of the viscosity on the
shear rate for G = 6 is observed already at 40 °C.?!

The characteristic rheological features of HBP depend on their
structure. Study of poly(ester amide) !°> demonstrated that the
higher DB the smaller y..

Hyperbranched polymers based on esters and ester imides 176
have the same properties, y. decreasing with increasing DB due to
an increase in the fraction of an AB-type copolymer. An analo-
gous effect was documented in the study by molecular dynamics of
HBP with a variable length of linear fragments.!%¢

The chemical structure of terminal groups responsible for the
character of intra- and intermolecular interactions is an important
factor that has an effect not only on the rheological properties of
hyperbranched polymers but also on the glass transition temper-
ature.’> For example, the viscosities of dendrimers based on
propyleneimine with terminal nitrile groups differ by an order of
magnitude from those of dendrimers with terminal amino
groups.!® In the latter case, the structure of macromolecules is
more compact and, consequently, the viscocity is lower due
apparently to intramolecular hydrogen bonding. An HBP melt
based on polyester with terminal hydroxy groups shows New-
tonian flow behaviour, whereas the flow of concentrated solutions
of ester imide HBP is non-Newtonian (the viscosity depends on
the shear rate). The replacement of 60% of terminal hydroxy
groups in HBP prepared from 2,2-bis(hydroxymethyl)propionic
acid by the ester groups O.C(CHz)0Me leads to a decrease in the
viscosity by more than two orders of magnitude.'> It was
demonstrated 3 that the flow of polyamidoamine dendrimers is
temperature dependent. The higher the temperature, the more
substantial the non-Newtonian character of flow. This phenom-
enon is apparently associated with a decrease in the concentration
of intramolecular hydrogen bonds and formation of a labile
network due to chain—chain intermolecular interactions. The
possible mechanism of this process was proposed in the study.!®’
It was hypothesised '8 that a substantial difference in the charac-
ter of intermolecular interactions is responsible for a sharp
decrease in the viscosity of melts of three-arm star polybutadienes
upon the replacement of terminal dimethylamino groups by polar
zwitterionic groups.

IV. Relaxation modulus

Main theories of the relaxation mechanism of branched
polymers 2 154:199-201 are based, first, on the tube model,¥ and,
second, on the hierarchy of relaxation processes.!6¢-202-206
De Gennes considered diffusion of star-shaped chains in the
presence of fixed obstacles and demonstrated '7° that the branch-
ing point is fixed in space and, consequently, the reptation motion
is forbidden until the relaxation process to this point is not
completed. In the presence of several branches, the term
‘hierarchy’ of relaxation is introduced,?®” 2% which is determined
by the relaxation time dependent on the branch length. The
scheme of relaxation of branched macromolecules is shown in
Fig. 7. It is suggested that the shortest branch is the first to relax,
resulting in an increase in the effective friction coefficient of the
main-chain unit linked to the branching point. Then the same
occurs with longer branches, the longer being the branch the larger
being the corresponding friction coefficients. Only once relaxation
of the longest branch is completed, the reptation motion of the
whole macromolecule becomes possible. When estimating the
relaxation times of branches of the second and succeeding
hierarchical levels, it is customary to take into account dynamic
expansion of a tube due to relaxation of branches,'® i.e., the
influence of the number of branches is analogous to the solvent
effect. It should be noted that there is a reason 21%-211 to doubt the
necessity of taking into account this effect.

S

Figure 7. Scheme of relaxation of branched macromolecules, in which
the branch length is larger than M. .

The numbers at branches correspond to the hierarchical level. The size of
branching points reflects the effective friction coefficient.

The concentration of fragments belonging to this hierarchical
level is determined by the equation

¢ = Ni bt s
M,
where N; and My, ; are the number of branches of the ith level and
their molecular mass, respectively.

From the aforesaid, according to the publication,?'? the
following hierarchy of the relaxation times of ICT can be
proposed. The time required for reaching the coordinate s by the
end of the chain belonging to the first hierarchical level is
determined by the equation '72

0) = 1|2 (5o 2
BT MM\ 2 3My,, )|

1 A tubeis a region that limits the lateral motion of macromolecules, where
reptation motion is possible.?*~%
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and the maximum time corresponds to the coordinate s = My, .
Hence, for this level we have

VMbl
max :t .
T Oexp( M, ),

for succeeding levels

1/2
_L_:_mlx _ T;n_a)l( % / exp VMbl )
M. M.

In these equations, 7o, according to the theory,'”? is the character-
istic time for three-arm stars

4 M3 <nMe>|/2

Iy ==T0—>
0 3 0 m% VMbl

where v is the constant, which is equal to 0.56 for the first level and
slightly changes with the hierarchical level, m is the molecular
mass of the monomeric unit, and 7¢ is the elementary relaxation
time characterising diffusion of the monomeric unit.

For macromolecules with a functionality of branching points
larger than three (star-shaped, H and pom—pom polymers), the
same scheme is used for calculations of the relaxation times
corrected for the fact that the branches coming from a single
point are ‘separated’ by a zero-length main chain fragment.2°8

The relaxation modulus is determined as a sum of the
contributions of all levels

G(1)=GY% Z (1),

My;

ool o

where G% is the modulus corresponding to a high-elasticity
plateau, ¢; is the ‘dynamic’ concentration of branches of the ith
level,

N
¢ = Z Cics
i—k
N is the total number of levels.

In experiments, Eqn (3) is manifested, in particular, in that the
dependence of the length of a high-elasticity plateau Alogw (w is
the deformation frequency) on the molecular mass for branched
polymers is stronger than that for linear polymers. As can be seen
from the data presented in Fig. 8, the coefficient v for linear
monodisperse polystyrene 2!3 in the relation

Alogw oc viegM

is 3.5, whereas v = 4.8 for four-arm star polyisoprene.>'* For
molecular mass (M,, ~ 6 x 10%), the frequency dependences of the
real (G') and imaginary (G") parts of the complex relaxation
modulus of linear polymers are virtually equal to those of three-
arm star-shaped polymers. At the same time, the terminal region
for eight-arm polymers is substantially shifted to higher frequen-
cies, although the character of the dependences G'(w) and G" (w)
remains the same:!78

G' oc w?and G" o« w.

A complication of the topological structure of macromole-
cules leads to a shortening of the high-elasticity plateau. This can
be seen, for example, in Fig. 9, which presents the curves of the
frequency dependences of the relaxation modulus for a six-arm
pom—pom polymer (three arms are attached to each end of the
main chain) and an analogous polymer, which contains two
branches at the midpoint of the chain, resulting in the formation
of an eight-arm polymer. The molecular masses of the polymers
are 2.15x 10°. The high-elasticity plateau for highly branched

4.5 5.0 5.5 6.0

1
log M

Figure 8. Plots of the length of a high-elasticity plateau vs. the molecular
masses of linear (/) and four-arm star-shaped (2) polymers.2!3-214

log G, logG”
6

—4 0 4 8 logw(s™")

Figure 9. Frequency dependences of G’ (1, 2) and G” (1', 2') for 6-arm
(1,1") and 8-arm (2,2") polymers.2!3

stars 178 (the branch number is ~ 50) virtually disappears, and in
the terminal zone G’ oc @''2 and G” oc ! (M, = 2.5 x 10°);
G' o w''and G” oc w85 (M, = 5.75 x 109).

It was suggested 77 that star-shaped polymers can be arbitra-
rily classified into two groups depending on the relaxation proper-
ties. One class includes polymers, which contain a relatively small
number of long branches (or a large number of branches, but the
branches are very long). These macromolecules are characterised
by typical polymer dynamics. In particular, the highly elastic state
is typical of such polymers. The topological structures of macro-
molecules belonging to another class are characterised by the
presence of a large number of relatively short branches, and such
polymers exhibit properties, which are more typical of colloidal
systems.

An analogous behaviour is typical of macromolecules with
more complex topological structures, for example, of comb-
like 2'° and pom—pom polymers.?!” The frequency dependence
of the relaxation modulus of polymers with long branches
(M, = 10 M,) can be approximately described in terms of a
theory, which is based on the above-mentioned postulates and
was developed in the studies,?2°!-218 meanwhile this theory is
inapplicable to polymers with shorter branches [M, ~ (2—3) M.].
In the region of moderate frequencies (a high-elasticity plateau),
both G’ and G” change as ~®%>. In the terminal region, G’ is
proportional to ~w'5, and G” oc . As can be seen, the above
relations are not adequately described by Rouse dynamics.

An approach based on the Rouse chain model is applicable to
relaxation of dendrimers.!® The minimum number of modes
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required for an adequate description of experimental data
depends on the macromolecule size as follows:?!

Number of generations of branches <3 4 5 6
Number of modes 1 2 9 15

However, this gives rise to a ‘non-Rouse’ dependence of the
relaxation modulus on the frequency in the terminal zone

G/ oc wl.49’ G// oc m©92,

A deviation from Rouse dynamics was found in the study 2!°
for dendrimers based on branched polystyrene. Although in this
case the topological structure of macromolecules is RCT, the
authors suggested that the structures of these macromolecules are
analogous to those of critical clusters and, consequently, the
relaxation modulus depends on the time according to a power
law (see below).

In the case of HBP based on 2,2-bis(hydroxymethyl)propionic
acid (M, = 2.6 x 10%), a high-elasticity plateau is absent at all.1”?
Relaxation of hyperbranched poly(ester amide) occurs according
to Rouse dynamics 176220 if DB > 0.2 (DB was varied by chang-
ing the ratio of the comonomers AB and AB,). For DB < 2, there
is a tendency to form a high-elasticity plateau. The same relaxa-
tion mechanism was established for 5-(hydroxyalkoxy)isophtha-
late- 3 and ether ketone-based 822! HBP. However, in these cases
the Rouse law is also approximately fulfilled in the moderate
frequency region, whereas it is fulfilled only for G” but not for G’
in the terminal region. It should be noted that the above relaxation
characteristics should correspond to the Kargin—Slonimskii—
Rouse model, i.e., to linear rather than to branched chains.

Rouse dynamics and the absence of a high-elasticity plateau in
the moderate and low frequency region in the case of relaxation of
highly branched polymers 921,39 68,77, 169,176,219,220 3 weakly
branched plyethylene !8- 161,222 gygoest that the topological struc-
tures of these compounds are similar to those of critical clusters.
The fact that the structure of HBP has fractal properties (self-
similarity) was demonstrated by computer simulation.”*

The relaxation properties of a polymer system at the gel point
are described by a power law 223-227

G(1) oc 17, C)

where G is the relaxation modulus and ¢ is the running time.
The exponent n is related to the fractal dimensionality by the
equation 228
D
n=———,
D +2

where D is the space dimensionality; n = 0.66 for a three-dimen-
sional space and the fractal dimensionality of the critical cluster
Df=2.53.

The exponent n in Eqn (4) varies depending on the system
(Table 5).

If the conversion « is expressed in the form

o — Ol

s

6= |

o

where ¢ is the relative conversion and o, is the critical conversion,
then at o < o, the dependence of the viscosity on ¢ takes the form

noces,

at o > o the dependence of the shear modulus on ¢ is as
follows:229-234

Goce
The exponents s and r are related to n by the equation
v
n= .
s+r

As a consequence of Eqn (4), the frequency dependences obey
a power law

n mn
G/ ~ ) i G [ =),
w COS( 3 ), s "SI 3

where 0 = mn/2. Consequently, tan d is frequency independent.

These relations were confirmed by numerous experiments, in
particular, for three-dimensional polymerisation of methacrylate-
based oligomers®® and in the case of end-linking of polydime-
thylsiloxane.>3¢ Analogous dependences are typical of biopoly-
mers.?37-238 In the latter case, physical conditions, for example, the
temperature, pH or concentrations of the components, are
responsible for the formation of an equilibrium network. In
xanthane solutions, the exponent p in the formula

tan o oc w”

Table 5. Exponents 7 in formula (4) for various systems.

System n Ref.
Theoretical estimates 0.706 232
0.79 241
0.66 242
Polyethylene, number of branches
per 10° carbon atoms
2.6 0.711 221
3.7 0.622 221
4.2 0.589 221
8.0 0.511 221
Branched polypropylene 0.46 193
0.53 193
Branched poly(methyl methacrylate) 0.54 167
22-Arm comb-like polybutadiene 0.55 243
Comb-like copolymer of styrene and ~0.5 206
butadiene (~ 30 branches)
32-Arm pom - pom copolymer of styrene 0.55 244
and butadiene
Hyperbranched poly(ether imide) 2/3 19
Chemical gel formation
Cross-linking of polydimethylsiloxane 0.5 224
0.69+£0.005 234
Curing of epoxy resin 0.7 245
0.70 £0.02 246
0.71 247
0.70 £0.05 248
0.5-0.8 249
Polymerisation of methacrylate oligomers from 0.4+0.2 235
(increases with increasing functionality) t00.6+0.1
Cross-linking of bifunctional oligodimethyl- from 0.69 236
siloxane containing terminal vinyl groups by t0 0.76

a polyfunctional reagent (f'= 4 and 11)
containing the reactive =SiH groups

Polycondensation of tetraethoxysilane 0.724+0.03 250

Pectin + Ca?* 0.71 251

Cross-linking of L-guluronic and 0.55 252
D-mannuronic acids

Diisocyanate + triol + alcohol 0.73 233

Triisocyanate + diol 0.5 253

Poly(oxypropylene)triol + diisocyanate 0.69 216

Physical gel formation

Thermoreversible triblock copolymer 0.70 +0.02 217

Thermoreversible microgel 0.02 254

Gelatin 0.46-0.70# 255

Multiarm polyacrylic acid (concentration 0.21 256
transition)

Crystallisation of polypropylene 0.13 257

4 Depending on the concentration and temperature.
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for complexation with AI’* ions varies from —0.1 to 0.08
depending on the temperature and is equal to zero at 32 °C.?%
The exponent p varies approximately in the same range depending
on pH, the critical pH being 2.9.

Lowering of the temperature in an aqueous-methanolic
solution of spherical microgel particles of N-isopropylacrylamide
leads to the gel —sol transformation (the lower critical temperature
is 32 °C).240 In this case, the above phenomenon is also observed,
the temperature of ~29 °C corresponding to the zero value of the
exponent p.

It should be noted that identification of the topological
structures of hyperbranched polymers with those of critical
clusters is arbitrary. Actually, although the dependence G'(w) is
virtually identical to G”(w) in a moderate frequency region, their
ratio, i.e., tan J, does change with frequency, !> 296 which is not
typical of true fractal structures of critical clusters. If hyper-
branched polymers are prepared by three-dimensional copoly-
merisation or chain cross-linking, macromolecules formed in the
vicinity of the gelation point have structural characteristics of
critical clusters, which was demonstrated by direct structural
studies using gel permeation chromatography and static and
dynamic light scattering.?34237-25

V. Relaxation spectra

The relaxation spectrum (RS) is a universal characteristic of the
relaxation properties of polymers.!-93-96. 181,260 On the one hand,
analysis of theoretical models of the dynamics of polymer chains
provides knowledge about RS. On the other hand, in spite of
difficulties in reproducing such spectra from the results of
relaxation experiments,?¢! =263 a comparison of RS is considered
as the most adequate procedure for estimation of the validity of a
theoretical approach. Since the relaxation spectrum is sensitive to
the topological structure of the polymer chain,! branching would
be expected to be reflected in the spectral pattern. However, data
demonstrating the influence of branching on RS are scarce.

One of approaches is based on the use of an empirical BSW
spectrum,§ which satisfactory describes the frequency dependence
of the relaxation modulus of linear polymers as the following three
branches: a descending branch at 4 < 4;, an ascending branch at
A1 < 2 < Amax and a sharply descending branch at 4 > Anyax (see
Refs 225, 264 and 265)

PR e B
H(Z) = {Hg(%) +neG?v(A~X ) }exp{(/ )} S

where

I\ ()
0 1 1
= nath(71) (3)

Here, A is the relaxation time, A; is the time at which two first
branches coincide (intersect), A. characterises the segment mo-
bility, and Amax is the maximum Rouse or Doi— Edwards relaxa-
tion time depending on the conditions of realisation of the chain
dynamics. As a rule, ny &~ 0.67, ne = 0.30, and f# = 2.

Investigation of star-shaped polymers 2% led to a substantial
complication of BSW spectra. It appeared that Eqn (5) should be
supplemented with the term

2\ 2\
G (*) e"p(fo) :

where ng and G are constants.

Hatzikiriakos er al.?%¢ analysed the parameters of the expres-
sion for BSW spectra thus modified for a series of star polybuta-
dienes with a regular structure with f'= 4—125. The parameters

§ BSW are the first letters of the last names of the authors of the study.2*

log H (Pa)
106 L

102

log 4 (s)

Figure 10. Relaxation BSW spectra of linear (/), 125-arm star-shaped (2)
and 4-arm star-shaped (3) polymers.>%°

GY%, H, and /. can be considered independent, within experimen-
tal error, of the molecular mass and the number of branches. The
parameters Gy , Amax and A; depend more on the molecular mass of
branches than on their number. The parameter 4 is influenced by
both structural characteristics. It was suggested 2% that these
results do not qualitatively contradict the theoretical concepts.
The relaxation time distribution functions (BSW spectra) shown
in Fig. 10 illustrate that the relaxation properties of star-shaped
polymers are in fact independent of the number of branches.

At the same time, a substantial broadening of the spectrum
was observed (calculations were carried out according to a
procedure published in the study 27) with increasing number of
branches L in polyethylene '47-163 in the region L < 1 per 10*
carbon atoms, i.e., where branching leads to an increase in the
viscosity (see above).

The general approach to the solution of the problem of
dynamics of chains with a complex topological structure, which
generalises the Rouse model (theoretical calculation of RS) was
described by Miiller.2*! A macromolecule adopting an arbitrary
configuration is represented as a set of N points in a d-dimensional
space (d = 2), each point occupying the position R;(¢), i =1,
2,..., N. The movement of these points is limited by elastic
harmonic bonds, which link point units in pairs thus providing
the desired architecture. The potential energy of this macro-
molecule is

U Y (R = R)".
i.j

In the simplest case, the relaxation dynamics is described by
the equation

ou(t) B
oR,

[dRi(l) — Vext (Ri(2), 1) | + E:(0), ©

dt

where (; is the friction coefficient, vex; is the external shear stress,
and ¢&; is the randomly fluctuating force (thermal noise).

A somewhat different approach providing an efficient solu-
tion of Eqn (6) based on matrix factorisation and giving rise to a
total RS was developed in the study.?%® The motion of elastically
linked particles is described by an analogous equation system.

(ixi = Zp,:,-(x,- —x;),i=1,...,n, (6a)
J

where x; is the vector of coordinates of the ith particle, and
pij=p;i = 0,{; >0 for all 7 and j. The equation system (6a) is
associated with a link graph of particles. The vertices i and j are
linked to each other if p; > 0. It is reasonable to consider the
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linkage components into which (in the general case) this graph is
split as model macromolecules (monomeric units of the latter are
essentially the graph vertices). Infinite values {; = oo can be
ascribed to the friction coefficients of individual branching points
in model (6a). For such branching points, x; = 0, i.e., branching
points with infinitely large friction are fixed. Since system (6a) is
split into independent differential equation subsystems corre-
sponding to linked subgraphs of bonds, it is sufficient to study
motion of an isolated macromolecule.

To take into account interchain interactions, Eqn (6) for stars
and analogous structures is solved based on the reptation
mode].2-154:200.201.269 For dendrimers, interchain interactions
are generally ignored, and relaxation processes are attributed to
intrachain conformational rearrangements.?’ 3! The same is true
for HBP and other polymers with topological structures of highly
branched and hyperbranched ICT, which can be considered as
critical clusters.6%- 236

The parameters of RS characterising the relaxation properties
of branched polymers are given in Table 6. Of the total spectrum,
two relaxation times are generally distinguished: segmental and
normal.27®

Table 6. Parameters of RS characterising the relaxation properties of
branched polymers.

Parameter of RS Polymer Relationship between Ref.
structure the parameter of RS
and structure
parameters
Largest Rouse re- linear chain Lf\ﬂ 97
laxation time, Arep in a tube 2k
Relaxation time of branched chain, iexp (VNa) 97
the branch, A, stars n’k 3
G
Diffusion time of the dendrimer 6827¢ 27
centre of gravity, ip k
Relaxation time of " 5¢ 27
the centre of gravity &
relative to the central
atom, Ag
Relaxation time of " 28tle 27
rotational and internal k

elastic motion of

monomeric units,

Ar = e
Note. ¢ is the friction coefficient of a segment; N is the number of segments
in the chain; k = 3kpT/a?, where kg is the Boltzmann constant, T is the
absolute temperature, a is the segment size; v is the numerical coefficient
the value of which depends on the model used;'>* N, is the number of
monomeric units in the branch.

As far as is known, only Gotlib and co-workers?$—30 have
brought the theory to calculations of RS. In these studies, the
dynamic model of dendrimers with an arbitrary functionality of
branching points was considered, both external friction of branch-
ing points against environmental ({) and internal friction of points
against each other ({in:) being taken into account. Two types of
RS, internal and external, are distinguished. The internal relaxa-
tion spectrum corresponds to oscillating motion of branching
points and takes the form

A/ %

Hip(2) = Himo[4(f 1)~ (m*/ﬁ } [

where the relaxation time is expressed by the equation

~1/2

-1
X:{{Kf(l -2 fo__ lcosq))} +C—K‘

and is in the range between Amin and Amax:

2
/ K’

—1\1" G
7 )} K

In these equations, f'is the functionality of the branching point,
o = {/K, K is the modulus of elasticity of a coil spring that
connects the branching points of the macromolecule; p = (in/(; ¢
is the phase shift of vibration of the branching point,
n/g < ¢ < W(G—1)/G.

The external spectrum reflects the pulsation motion of den-
drimers or its parts relative to the centre and takes the form

22
(230 —p)*’

= G

)“min = £|:Kf(1 +2

;“max = C |:Kf<1 -2

Hey (’1) = Hexo (/L)

TOK(f-2 K
. 3
(=D G

K(f-2? K’
G+1 o
=D G

COK(f-2° 0 K

)”min -

max

Jj 1s the number of generation, j = 2, ..., G.

The exponential character of the time dependence of the
relaxation modulus [see Eqn (4)] signifies that, as expected, RS
of critical clusters is described by a power law (CW distribution),

wo-n(3)

for g < A < Apmax, 0 <1 < 1, Aoy oC ot — a7

The time Ao determines the glass transition conditions and
depends, like the front factor Hy, on the chemical structure of the
polymer.

VI. Conclusion

From the aforesaid, unambiguous conclusions on the topological
structures of HBP cannot be drawn. Actually, calculations with
the use of data on the kinetics of formation 8%-27! provide evidence
for MMD of polymers at nearly critical conversions but without
consideration of the effects of cyclisation and exclusion volume.
An approach based on the percolation model > %4 is suitable only
for the critical conversion region and it is not quite clear whether it
can be adequately applied to real systems and different degrees of
conversion. Computer simulation accounts for the effects of
cyclisation and exclusion volume,>3~3%72.74.272 byt it is difficult
to relate these results to the real mechanism of formation of
macromolecules. Apparently, this is why it is necessary to use the
MMD model functions, for example, the Flory —Schultz distribu-
tion.?3!

The relaxation mechanisms of HBP are not associated with
the presence of entanglements 3% 74 but are conditioned, like those
of dendrimers, by intramolecular rearrangements. High elasticity
is apparently attributed to interchain interactions between periph-
eral branches of highest-molecular-weight fractions.?° However, it
is apparently impossible to apply the theory of RS developed for
dendrimers to HBP because it is necessary to take into account

S CW are the first letters of the last names of the authors of the
studies.222.223
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irregularity of the architecture of HBP. To use CW spectra, one
should first make sure that the topological structures of HBP are
actually identical to those of critical clusters. Therefore, to get an
insight into the relaxation mechanism of HBP, it is necessary, first,
to refine understanding of their architecture and, second, develop
a theory of relaxation spectra of HBP with a desired topological
structure.

This review has been written with the financial support of the
Russian Foundation for Basic Research and the Government of
the Moscow Region (Project r2004naukograd No. 04-01-97 202).

References

1. VI Irzhak Usp. Khim. 74 1025 (2005) [Russ. Chem. Rev. 74 937
(2005)]
. T C B McLeish, S T Milner Adv. Polym. Sci. 143 195 (1999)
. JJ Freire Adv. Polym. Sci. 143 35 (1999)
. K Matyjaszewski Prog. Polym. Sci. 30 §58 (2005)
. S J Teertstrz, M Gauthier Prog. Polym. Sci. 29 277 (2004)
. A W Bosman, H M Janssen, E W Meijer Chem. Fev. 99 1665
(1999)
. A Hult, M Johansson, E Malmstrém Adv. Polym. Sci. 1431 (1999)
. H Mori, A H E MZler Prog. Polym. Sci. 28 1403 (2003)
9. A M Muzafarov, E A Rebrov Vysokomol. Soedin., Ser. C 42
2015 (2000) 2
10. F Aulenta, W Hayes, S Rannard Eive. Polym. J. 39 1741 (2003)
11. C Gao, D Yian Prog. Po!ym. Sci. 29 153 (2004)
12. C R Yates, W Hayes Eur. Polym. J. 40 1257 (2004)
13. CJ Hawker Adv. Polym. Sci. 147 113 (1999)
14. S S Ivanchev, A N Ozerin Vysokomol. Soedin., Ser. B 48 (2006)
(in the press) ®
15. D M Vriezema, M C Arzgonds, J A A W Elemans,
J J L M Cornelissen, A E Rowar, R J M Nolte Chem. Rev. 105
1445 (2005)
16. A D Meltzer, D A Tirrell, A A Jones, P T Inglefield,
D M Hedstrand, D A Tomalia Mucromolecules 25 4541 (1992)
17. A D Meltzer, D A Tirrell, A A Jones, P T Inglefield
Macromolecules 25 4549 (1992)
18. S Jahromi, V Liivinov, B Coussens Macromo!ecides 34 1013
(2001)
19. I Sendijarevic, A J McHugh Macromolecuies 33 590 (2000)
20. S Jahromi, J H M Palmen, P A M Steeman Maciromolecules 33
577 (2000)
21. S Uppuluri, F A Morrison, P R Dvornic Maciromolecules 33
2551 (2000)
22. A Huwe, D Appelhans, J Prigenn, B I Voit, F Kremer
Macromolecules 33 3762 (2000)
23. I B Rietveld, D Bedeaux Macromolecules 33 7912 (2000)
24. B M Tande, N J Wagner, M E Mackay, C J Hawker, M Jeong
Macromolecules 34 8580 (2001)
25. M Murat, G S Grest Macromolecules 29 1273 (1996)
26. R La Ferla J. Chem. Phys. 105 688 (1997)
27. C Cai, Z Y Chen Macromolecitles. 30 5104 (1997)
28. Yu Ya Gotlib, D A Markelov Vysokomol. Soedin., Ser. A 44 2205
(2002)2
29. Yu Ya Gotlib, A T Neelov Vysokomol. Soedin., Ser. A 45 1668
(2003) 2
30. Yu Ya Gotlib, D A Markelov Vysokomol. Soedin., Ser. A 46
1344 (2004) 2
31. Z Y Chen, C Cai Macromolecules 32 5423 (1999)
32. A V Lyulin, G R Davies, D B Adof Macromolecules 33 3294
(2000)
33. M L Mansfield Macromo!ecules 33 &043 (2000)
34. M L Mansfieid, L I Klushin J. Phys. Chem. 95 3994 (1992)
35. P J Flory Principles of Polymer Chemistry (Ithaca: Cornell
University Press, 1953)
36. K Dusek Trends Polym. Sci. 5268 (1997)
37. K Dusek, J gomvérsky, M Smrckova, J Huybrechts, L Wilczek
Polym. Mater. Sci. Eng. 78 223 (1998)
38. R M Ziff J. Stat. Phy:. 23 241 (1980)
39. A H E Miiller, D Yan, M Wulkow Macromolecules 30 7015
(1997)

AN AW

[N

40

41.
42.
43.

44.
45.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.
57.

58.
59.

60.
6l.
62.
63.
64.

65.
66.

67.

68.
69.

70.

71.
72.

73.
74.

75.
76.

71.

78.
79.

80.
81.

82.

83.

84.

. D Yan, A H E Milier, K Matyjaszewski Maciromolecules 30
7024 (1997)

W Radke, G Litvinienko, A H E M ller Macromolecules 31
239 (1998)

Y Beginn, C Drolimann, M M3lier Macromo!eciles 30 4112
(1997)

D Yan, Z Zhou, A H E Miiller Muacromolecules 32 245 (1999)
D Yan, Z Zhou Macromolecules 32 6§19 (1999)

Z Zhou, D Yan Po!ymer 41 4549 (2000)

. R A T M van Benthem, N Meijerink, E Gelad?, C G de Koster,
D Muscat, P E Froehling, P H M Hendriks, CJ A A Vermeulen,
T J G Zwartkruis Macromo/ecules 34 3559 (2001)

R Hanselmanri, D Hilter, H Frey Macromolecules 31 3790 (1998)
D Holter, H Frey Acta Polym. 48 293 (1997)

D Schmaljohann, J G Barrat, H Komber, B I Voit
Macromoleculzs 33 6284 (2000)

H Magnusson, E Mzistrém, A Huit Macromoleciles 34 5786
(2001)

X Ba, Y Han, H Wang, Y Tian, S Wang Maciromolecules 37
3470 (2004)

R M Ziff, M H Ernst, E M Hendriks J. Collo/d Interface Sci
100 220 (1984)

K Dusek, J Somvirsky, M Smrékova, W J Simonsick,

L Wilczek Polym. Eull. 42 489 (1999)

H Galina, J B Lechowicz, M Walczak Macromo!ecides 35 3253
(2002)

H Galina, J B Lechowicz, M Walczak Macromo!ecules 35 3261
(2002)

Z Zhou, D Yan Polymer. 47 1473 (2006)

Y Bai, N Song, J P Gao, X Sun, X Wang, G Yu, Z Y Wang
J. Am. Chem. Soc. 127 2060 (2005)

K-C Cheng, L Y Wang Maciromolecules 335 5657 (2002)
Suneel, D M A Buzza, D J Groves, T C B McLeish, D Parker,
A J Keeney, W J Feast Maciromolecules 35 9505 (2002)

X Ba, H Wang, M Zhao, M Li Macromolecules 35 3306 (2002)
X Ba, H Wang, M Zhao, M Li Macromolecules 35 4193 (2002)
G Ziffer J. Chem. Phy:. 110 4668 (1999)

P Romiszowsiki, A Sikorski J. Chem. Phy.:. 109 2912 (1998)

D Stauffer Introduction to Percolation Theory (London: Taylor
and Francis, 1985)

D Holter, A Burgath, H A Frey Acta Polym. 43 30 (1997)

E Zagar, M Huskii, J Grdadolrk, M Zigon, A Zupancic-
Valant Macromolecules 38 3933 (2005)

D P Berna!, L Bedrossizan, K Collins, E Fossum
Macromoleciles 36 333 (2003)

S-Y Kwak, D U Ahn Macromo/ecules 33 7557 (2000)

J M J Fréchet, M Henmi, I Gitsov, S Aoshima, M R Leduc,
R B Grubbs Science 269 1080 (1995)

K-C Cheng, T-H Chuang, J-S Chang, W Guo, W-F Su
Macromolecuies 38 8252 (2005)

G I Litvinenko, A H E Miiller Macromolecules 35 4577 (2002)
W J Feast, A J Keeney, A J Kenwright, D Parker Chem
Commun. 1749 (1997)

J F Miravet, ] M J Fréchet Macromolecules 31 3461 (1998)

C Cameron, A H Fawcett, C R Hetheringior, R A W Mee,

F V McBride Macromo!eciles 33 6551 (2000)

E Zagar, M Zigon Macromolecules 35 9913 (2002)

F Isaure, P A G Cormack, D C Sherrington Maciromolecules 37
2096 (2004)

T Pakula, D Viassopoulos, G Fytias, J Roovers Maciromolecules
31 8931 (1998)

S-Y Kwak, HY Lee Macromo!ecules 33 5536 (2000)

R Patil, K S Scivweizer, T-M Chang Macromo/ecidles 36 2544
(2003)

L R Hutchings, R W Richards Maciromolecuivs 32 880 (1999)
S B Kharchenko, R M Karman, J J Cernohous,

S Venkataramani Macromo!ecules 39 2 399 (2003)

W Gong, Y Mai, Y Zhou, N Qi, B Wang, D Yan
Macromolecules 38 9644 (2005)

R Connolly, G Bellesia, E G Timoshenko, Y A Kuznetsov,

S Elli, F Ganazzoli Macromolecules 38 5288 (2005)

Y Nakamura, Y Wan, J W Mays, H latrou, N Hadjichristidis
Macromoleculrs 33 8323 (2000)



mlg
V I Irzhak Usp. Khim. 74 1025 (2005) [Russ. Chem. Rev. 74 937

mlg
2005)]

mlg
K Matyjaszewski Prog. Polym. Sci. 30 858 (2005)

http://dx.doi.org/10.1016%2Fj.progpolymsci.2005.06.004
mlg
S J Teertstra,M Gauthier Prog. Polym. Sci. 29 277 (2004

mlg
A W Bosman, H M Janssen, E W Meijer Chem. Rev. 99 1665

mlg
(1999)

http://dx.doi.org/10.1016%2Fj.progpolymsci.2004.01.001
http://dx.doi.org/10.1021%2Fcr970069y
mlg
H Mori, A H E M È ller Prog. Polym. Sci. 28 1403 (2003

http://dx.doi.org/10.1016%2FS0079-6700%2803%2900076-5
mlg
F Aulenta,W Hayes, S Rannard Eur. Polym. J. 39 1741 (2003)

mlg
C Gao, D Yan Prog. Polym. Sci. 29 183 (2004)

mlg
C R Yates, W Hayes Eur. Polym. J. 40 1257 (2004)

http://dx.doi.org/10.1016%2FS0014-3057%2803%2900100-9
http://dx.doi.org/10.1016%2Fj.progpolymsci.2003.12.002
http://dx.doi.org/10.1016%2Fj.eurpolymj.2004.02.007
mlg
D M Vriezema,M C AragoneÁ s, J A A W Elemans,

mlg
J J L M Cornelissen, A E Rowan, R J M Nolte Chem. Rev. 105

mlg
1445 (2005)

http://dx.doi.org/10.1021%2Fcr0300688
mlg
A D Meltzer, D A Tirrell, A A Jones, P T Inglefield

mlg
D M Hedstrand, D A Tomalia Macromolecules 25 4541 (1992)

mlg
A D Meltzer, D A Tirrell, A A Jones, P T Inglefield

mlg
Macromolecules 25 4549 (1992

mlg
S Jahromi, V Litvinov, B Coussens Macromolecules 34 1013

mlg
(2001)

mlg
I Sendijarevic, A J McHugh Macromolecules 33 590 (2000)

mlg
S Jahromi, J H M Palmen, P A M Steeman Macromolecules 33

mlg
577 (2000)

mlg
S Uppuluri, F A Morrison, P R Dvornic Macromolecules 33

mlg
2551 (2000)

mlg
A Huwe, D Appelhans, J Prigann, B I Voit, F Kremer

mlg
Macromolecules 33 3762 (2000)

mlg
I B Rietveld, D Bedeaux Macromolecules 33 7912 (2000)

mlg
B M Tande, N J Wagner,M E Mackay, C J Hawker, M Jeong

mlg
Macromolecules 34 8580 (2001)

mlg
M Murat, G S Grest Macromolecules 29 1278 (1996)

http://dx.doi.org/10.1021%2Fma00044a013
http://dx.doi.org/10.1021%2Fma00044a014
http://dx.doi.org/10.1021%2Fma000487w
http://dx.doi.org/10.1021%2Fma990731n
http://dx.doi.org/10.1021%2Fma9905977
http://dx.doi.org/10.1021%2Fma990634u
http://dx.doi.org/10.1021%2Fma9921854
http://dx.doi.org/10.1021%2Fma000509e
http://dx.doi.org/10.1021%2Fma011265g
http://dx.doi.org/10.1021%2Fma951219e
mlg
C Cai, Z Y Chen Macromolecules. 30 5104 (1997)

http://dx.doi.org/10.1021%2Fma970059z
mlg
Z Y Chen, C Cai Macromolecules 32 5423 (1999)

mlg
A V Lyulin, G R Davies, D B Adolf Macromolecules 33 3294

mlg
2000)

mlg
M L Mansfield Macromolecules 33 8043 (200

mlg
M L Mansfield, L I Klushin J. Phys. Chem. 96 3994 (1992)

http://dx.doi.org/10.1021%2Fma990018y
http://dx.doi.org/10.1021%2Fma992128a
http://dx.doi.org/10.1021%2Fma981637u
http://dx.doi.org/10.1021%2Fj100189a016
mlg
R M Ziff J. Stat. Phys. 23 241 (1980)

mlg
A H E M È ller, D Yan,M Wulkow Macromolecules 30 7015

mlg
(1997)

http://dx.doi.org/10.1007%2FBF01012594
http://dx.doi.org/10.1021%2Fma9619187
mlg
D Yan, A H E M È ller, K Matyjaszewski Macromolecules 30

mlg
7024 (1997)

mlg
W Radke, G Litvinienko, A H E M È ller Macromolecules 31

mlg
239 (1998)

mlg
Y Beginn, C Drohmann, M M È ller Macromolecules 30 4112

mlg
(1997)

mlg
D Yan, Z Zhou, A H E M È ller Macromolecules 32 245 (1999)

mlg
D Yan, Z Zhou Macromolecules 32 819 (1999)

mlg
Z Zhou, D Yan Polymer 41 4549 (2000)

mlg
R A TMvan Benthem, N Meijerink, E GeladeÁ , C G de Koster

mlg
D Muscat, P E Froehling, P HMHendriks, C J A A Vermeulen

mlg
T J G Zwartkruis Macromolecules 34 3559 (2001)

mlg
RHanselmann,DH È lter,HFrey Macromolecules 31 3790 (1998)

mlg
D H È lter, H Frey Acta Polym. 48 298 (1997)

mlg
D Schmaljohann, J G Barrat, H Komber, B I Voit

mlg
Macromolecules 33 6284 (2000)

mlg
H Magnusson, E MalstroÈ m, A Hult Macromolecules 34 5786

mlg
2001)

mlg
X Ba, Y Han, H Wang, Y Tian, S Wang Macromolecules 37

mlg
3470 (2004)

http://dx.doi.org/10.1021%2Fma961919z
http://dx.doi.org/10.1021%2Fma970952y
http://dx.doi.org/10.1021%2Fma961734s
http://dx.doi.org/10.1021%2Fma9716488
http://dx.doi.org/10.1021%2Fma971596m
http://dx.doi.org/10.1016%2FS0032-3861%2899%2900674-6
http://dx.doi.org/10.1021%2Fma001267l
http://dx.doi.org/10.1021%2Fma971197r
http://dx.doi.org/10.1002%2Factp.1997.010480105
http://dx.doi.org/10.1021%2Fma000065m
http://dx.doi.org/10.1021%2Fma010495s
http://dx.doi.org/10.1021%2Fma030525m
mlg
R M Ziff, M H Ernst, E M Hendriks J. Colloid Interface Sci

mlg
100 220 (1984)

mlg
K DusÏ ek, J Ï omvaÂ rsky,M SmrcÏ kov Â , W J Simonsick

mlg
L Wilczek Polym. Bull. 42 489 (1999

mlg
H Galina, J B Lechowicz, M Walczak Macromolecules 35 3253

mlg
(2002)

mlg
H Galina, J B Lechowicz, M Walczak Macromolecules 35 3261

mlg
2002)

mlg
Z Zhou, D Yan Polymer. 47 1473 (2006)

mlg
Y Bai, N Song, J P Gao, X Sun, X Wang, G Yu, Z Y Wang

mlg
J. Am. Chem. Soc. 127 2060 (2005

mlg
K-C Cheng, L Y Wang Macromolecules 35 5657 (2002

mlg
Suneel, D M A Buzza, D J Groves, T C B McLeish, D Parker

mlg
A J Keeney, W J Feast Macromolecules 35 9605 (2002)

mlg
X Ba, H Wang,M Zhao,M Li Macromolecules 35 3306 (2002

mlg
X Ba, H Wang,M Zhao,M Li Macromolecules 35 4193 (2002)

http://dx.doi.org/10.1016%2F0021-9797%2884%2990429-6
http://dx.doi.org/10.1007%2Fs002890050493
http://dx.doi.org/10.1021%2Fma011603d
http://dx.doi.org/10.1021%2Fma011722t
http://dx.doi.org/10.1016%2Fj.polymer.2005.12.035
http://dx.doi.org/10.1021%2Fja042854f
http://dx.doi.org/10.1021%2Fma0118062
http://dx.doi.org/10.1021%2Fma020820r
http://dx.doi.org/10.1021%2Fma011250i
http://dx.doi.org/10.1021%2Fma011436h
mlg
G Ziffer J. Chem. Phys. 110 4668 (1999

mlg
P Romiszowski, A Sikorski J. Chem. Phys. 109 2912 (1998

mlg
D Holter, A Burgath, H A Frey Acta Polym. 48 30 (1997)

mlg
E Ï agar,M HuskiaÊ , J Grdadolnik,M Ï igon, A ZupancÏ icÏ -

mlg
Valant Macromolecules 38 3933 (2005)

mlg
D P Bernal, L Bedrossian, K Collins, E Fossum

mlg
Macromolecules 36 333 (2003)

mlg
S-Y Kwak, D U Ahn Macromolecules 33 7557 (2000)

http://dx.doi.org/10.1063%2F1.478350
http://dx.doi.org/10.1063%2F1.476880
http://dx.doi.org/10.1002%2Factp.1997.010480105
http://dx.doi.org/10.1021%2Fma0475434
http://dx.doi.org/10.1021%2Fma021510b
http://dx.doi.org/10.1021%2Fma991569r
mlg
K-C Cheng, T-H Chuang, J-S Chang, W Guo, W-F Su

mlg
Macromolecules 38 8252 (2005)

mlg
G I Litvinenko, A H E M È ller Macromolecules 35 4577 (2002)

mlg
W J Feast, A J Keeney, A J Kenwright, D Parker Chem

mlg
Commun. 1749 (1997)

mlg
J F Miravet, J M J FreÂ chet Macromolecules 31 3461 (1998

mlg
C Cameron, A H Fawcett, C R Hetherington, R A W Mee

mlg
F V McBride Macromolecules 33 6551 (2000

mlg
E Ï agar,M Ï igon Macromolecules 35 9913 (2002)

mlg
F Isaure, P A G Cormack, D C Sherrington Macromolecules 37

mlg
2096 (2004)

mlg
T Pakula, D Vlassopoulos, G Fytas, J Roovers Macromolecules

mlg
31 8931 (1998)

mlg
S-Y Kwak, H Y Lee Macromolecules 33 5536 (2000

mlg
R Patil, K S Schweizer, T-M Chang Macromolecules 36 2544

mlg
(2003)

mlg
L R Hutchings, R W Richards Macromolecules 32 880 (1999)

mlg
S B Kharchenko, R M Kannan, J J Cernohous

mlg
S Venkataramani Macromolecules 36 2 399 (2003)

mlg
W Gong, Y Mai, Y Zhou, N Qi, B Wang, D Yan

mlg
Macromolecules 38 9644 (2005)

http://dx.doi.org/10.1021%2Fma050640s
http://dx.doi.org/10.1021%2Fma012063n
http://dx.doi.org/10.1039%2Fa704464j
http://dx.doi.org/10.1021%2Fma971778g
http://dx.doi.org/10.1021%2Fma9916032
http://dx.doi.org/10.1021%2Fma021070o
http://dx.doi.org/10.1021%2Fma030445i
http://dx.doi.org/10.1021%2Fma981043r
http://dx.doi.org/10.1021%2Fma000262l
http://dx.doi.org/10.1021%2Fma021624n
http://dx.doi.org/10.1021%2Fma980980w
http://dx.doi.org/10.1021%2Fma0256486
http://dx.doi.org/10.1021%2Fma051026j
mlg
R Connolly, G Bellesia, E G Timoshenko, Y A Kuznetsov

mlg
S Elli, F Ganazzoli Macromolecules 38 5288 (2005)

mlg
Y Nakamura, Y Wan, J W Mays, H Iatrou, N Hadjichristidis

mlg
Macromolecules 33 8323 (2000)

http://dx.doi.org/10.1021%2Fma0477246
http://dx.doi.org/10.1021%2Fma0007076
http://dx.doi.org/10.1070/RC2005v074n10ABEH001168

932

V I Irzhak

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.
100.
101.
102.
103.
104.

105.
106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.
120.
121.
122.
123.

124.

125.

126.

K Terao, B S Farmer, Y Nakamura, H latrou, K Hong,

J W Mays Macromolecules 38 1447 (2005)

V I Irzhak, B A Rozenberg, N S Enikolopyan Setchatye
Polimery. Sintez, Struktura, Svoistva (Cross-linked Polymers.
Synthesis, Structure, Properties) (Moscow: Nauka, 1979)

R Li, B J McCoy Macromolecules 38 6742 (2005)

V I Irzhak Usp. Khim. 73 275 (2004) [Russ. Chem. Rev. 73 251
(2004)]

E V Patton, J A Wesson, M Rubinsteir, J C Wilson,

L E Oppenheimer Macromo!ecules 22 1945 (1989)

L Z Rogovina, G L Slonimskoi Vysokomol. Soedin., Ser. B
39 1543 (1997)2

K Suematsu Adv. Polym. Sci. 156 137 (2002)

D Stauffer, A Coniglio, M Adam Adv. Polym. Sci. 44 103 (1982)
G M Bartenev, S Ya Frenkel’ Fizika Polimerov (The Physics
of Polymers) (Leningrad: Khimiya, 1990)

A Yu Grossberg, A R Khokhlov Statisticheskaya Fizika
Makromolekul (Statistical Physics of Macromolecules)
(Moscow: Nauka, 1989)

P G de Gennes Scaling Concepts in Polymer Physics (Ithaca:
Cornell University Press, 1979)

M Doi, S F Edwards The Theory of Polymer Dynamics (Oxford:
Oxford University Press, 1986)

J J Aklonis, A V Tobolsky J. Appl. Phys. 36 3483 (1965)

T F Irzhak, O V Nikitina, L T Kuzub, V I Irzhak

Vysokomol. Soedin., Ser. A 42 1404 (2000) #

M Abdel-Goad, W Pyckhout-Hinizen, S Kalle, J Allgaier,

D Richter, L J Fetters Maciromolecules 37 §135 (2004)

S H Wasserman J. Rheo!. 39 601 (1995)

A Ya Malkin Rheo!. Acta 12486 (1973)

V I Irzhak Vysokomol. Soedin., Ser. B 42 1616 (2000) #

M Antonieiti, T Pakula, W Bremser Maciromolecules 28

4227 (1995)

V Foumaraux-Demange, A Brulet, J P Cotion, L Hilliou,

P Martinoty, P Keller, F Boue Maciromolecules 31 7445 (1998)
L A Uttracki J. Polym. Sci., Po!ym. Lett. Ed. 11 717 (1973)

P G Santangeio, C M Roland J. Non-Cryst. So/ids 235237
709 (1998)

D C Baird, R L Ballman J. Rheol. 23 505 (1979)

G V Vinogradov, A Ya Malkin Reologiya Polimerov (Rheology
of Polymers) (Moscow: Khimiya, 1977)

Yu Ya Gotlib, A A Darinskii, Yu E Svetlov Fizicheskaya
Kinetika Makromolekul (Physical Kinetics of Macromolecules)
(Leningrad: Khimiya, 1986)

S Bywater Adv. Polym. Sci. 30 89 (1979)

J Roovers, N Hajichristidis, L J Fetters Macromolecules 16
214 (1983)

L-L Zhou, N Hadjichristidis, P M Toporowski, J Roovers
Rubber Chem. Technol. 65 303 (1992)

J Roovers, L-L Zhou, P M Toporowski, M van der Zwan,

H Iatrou, N Hadjichristidis Maciromolecules 246 4324 (1993)

J E L Roovers, P M Toporowsk:, J Martin Maciromolecules 22
1897 (1989)

L M van Renterghem, E J Goethals, F E Du Prez
Macromoleciiles 39 528 (2006)

G Ch Behera, S Ramakrishnan Maciromolecules 37 9814 (2004)
W Burchard Adv. Polym. Sci. 143 113 (1999)

N Hadjichristidis, M Xenicou, H Tatrou, M Pitsikalis,

Y Poulos, A Avgeropoulos, S Sioula, S Paraskeva, G Velis,

D J Lohse, D N Scluiz, L J Fetiers, PJ Wright, R A Mendelson,
C A Garcia-Franco, T Sun, C J Ruff Macromo/ecidles 33 2424
(2000)

J E L Roovers Po!ymer 16 827 (1975)

J Roovers Polymer 20 843 (1979)

W Radke, A H E M _ller Macromolecules 38 3949 (2005)

G Wei Macromolecitles 30 2130 (1997)

G M Pavlov, E V Korneeva, K Jumel, S E Harding Vysokomol.
Soedin., Ser. A 40 2056 (1998) 2

G M Pavlov, E V Korneeva, N A Mikhailova, R Roy, P Celas
Ortega, M Alamino Perez Vysokomol. Soedin., Ser. A 41 1810
(1999)2

C J G Plummer, A Luciani, T-Q Nguyer, L Garamszegi,

M Rodlert, J-A E Méanson Po/ym. Bul!. 49 77 (2002)

I Carmesin, K Kremer Macromolecules 21 2319 (1988)

127.

128.

129.
130.

131.

132.

133.

134.

135.

136.
137.
138.

139.
140.

141.

142.
143.
144.
145.
146.
147.
148.

149.

150.
151.
152.

153.

154.
155.
156.

157.
158.

159.
160.
161.

162.
163.
164.
165.
166.

167.
168.

169.

170.
171.
172.
173.

K Binder, in Monte Carlo and Molecular Dynamics Simulations
in Polymers (Ed. K Binder) (New York: Oxford University
Press, 1995)

T H Mourey, S R Turner, M Ruthinstein, J M J Fréchet,

C J Hawker, K L Wooley Maciromolecules 25 2401 (1992)

J M J Fréchet Scieince 263 1710 (1994)

A Asteriadi, R Sigel, D Vlassopoulos, G Meier, J R Dorgan,
D M Knauss Macromolecules 37 1016 (2004)

B Lepoittevir, R Matmour, R Francis, D Taton, Y Gnanou
Macromolecules 38 3120 (2005)

F Ganazzoli, R La Ferla, G Terragni Macromolecules 33 6611
(2000)

S M Aharoni, C R Crosby II!, E K Walsh Macromolecules 15
1093 (1982)

R Scherrenberg, B Coussens, P van Vitet, G Edouard,

J Brackman, E de Brabander, K Mortensen Maciromolecules 31
456 (1998)

E A Tatarinova, E A Rebrov, V D Myakushev, I B Meshkov,
N V Demchenko, A V Bystrova, O V Lebedeva,

A M Muzafarov Izv. Akad. Nauk, Ser. Khim. 2484 (2004)®

C Cai, Z Y Chen Macromolecules 31 6393 (1998)

R L Lescanec, M Muthukumar Macromolecules 23 2280 (1990)
A V Lyulin, D B Adolf, G R Davies Macromo!eciiles 34 3783
(2001)

W W Graessiey Macromolecules 15 1164 (1982)

P G Santangeio, C M Roland, J E Puskas Macromolecules 32
1972 (1999)

C B Gell, W W Graessley, V Efstratiadis, M Pitsikalis,

N Hadjichristidis J. Polym. Sci., Part B 351943 (1997)

C Bero, C M Roland Macromo!ecules 29 1562 (1996)

C M Roland, C Bero Macromo/ecules 29 7521 (1996)

H Mavridis, R N Shroff Po!ym. Eng. Sci. 32 1778 (1992)

J S Wang, R S Forter Rheo!. Acta 34 496 (1995)

S G Hatzik rizkos Polym. Eng. Sci. 40 2279 (2000)

P Wood-Adams, S Costeux Muacromolecules 34 6281 (2001)

J F Vega, A Saniamaria, A Muoz-Esca ona, P Lafuent
Macromolecules 31 3639 (1998)

J M Carella, J T Gotro, W W Graessley Macromolecules 19
659 (1986)

J F Vega, ] Martinez-Salazar Polym. Bid!l. 5) 197 (2003)

C Liu, C Li, P Chen, J He, Q Fan Polymer 45 2303 (2004)

R A Mendelson, C A Garca-Franco, M K Lyon
Macromolecules 35 3066 (2002)

P J Flory Statistical Mechanics of Chain Molecules (New York:
Wiley-Interscience, 1969)

H Watanabe Prog. Po!ym. Sci. 24 1253 (1999)

A Di Cecca, J J Freire Macromolecules 35 2351 (2002)

V I Irzhak, G V Korolev, M E Solov’ev Usp. Khim. 66 179
(1997) [Russ. Chem. Rev. 66 167 (1997)]

V I Irzhak Vysokomol. Soedin., Ser. A 46 1401 (2004) 2

J Vega, M Aguilar, J Pein, D Pastor, J Marttnez-Salazar
e-Polymers No. 046 (2002)

A J Levine, S T Milner Maciromolecules 31 §623 (1998)

S Pang, A Rudin Polym. Mater. Sci. Eng. 6591 (1991)

P M Wood-Adzms, J M Dealy, A W deGroot, O D Redwine
Macromolecules 33 7489 (2000)

R N Shroff, H Mavridis Maciromolecules 32 §454 (1999)

R N Shroff, H Mavwridis Maciromolecules 34 7362 (2001)

D Yan, W J Wang, S Zhu Po!ymer 40 1737 (1999)

C J Tsenoglou, A D Gotsis Macromolecules 34 4685 (2001)

J H Lee, L J Feiters, L A Archer Macromolecules 38 4484
(2005)

P Wood-Adams J. Rheo!. 45 203 (2001)

D Auhl, J Siznge, H Mtlnstedt, B Krause, D Voigt,

A Lederer, U Lappan, K Lunkwitz Macromolecules 37

9465 (2004)

P F W Simon, A H E Miiller, T Fakula Macromolecules 34
1677 (2001)

P de Gennes J. Phys. (Paris) 36 1199 (1975)

M Bohdanecky Macromolecules 10 971 (1977)

D S Pearsor, E Helfand Macromolecules 17 888 (1984)

L J Fetters, A D Kiss, D S Pecarson, G F Quack, F J Vitus
Macromolecitles 26 647 (1993)



mlg
K Terao, B S Farmer, Y Nakamura, H Iatrou, K Hong

mlg
J W Mays Macromolecules 38 1447 (2005)

http://dx.doi.org/10.1021%2Fma049485s
mlg
R Li, B J McCoy Macromolecules 38 6742 (2005)

mlg
V I Irzhak Usp. Khim. 73 275 (2004) [Russ. Chem. Rev. 73 251

mlg
(2004)]

http://dx.doi.org/10.1021%2Fma050707b
mlg
E V Patton, J A Wesson, M Rubinstein, J C Wilson

mlg
L E Oppenheimer Macromolecules 22 1946 (1989)

http://dx.doi.org/10.1021%2Fma00194a072
mlg
J J Aklonis, A V Tobolsky J. Appl. Phys. 36 3483 (1965)

http://dx.doi.org/10.1063%2F1.1703022
mlg
M Abdel-Goad, W Pyckhout-Hintzen, S Kahle, J Allgaier

mlg
D Richter, L J Fetters Macromolecules 37 8135 (2004)

mlg
S H Wasserman J. Rheol. 39 601 (1995)

mlg
A Ya Malkin Rheol. Acta 12 486 (1973)

http://dx.doi.org/10.1021%2Fma030557%2B
http://dx.doi.org/10.1122%2F1.550723
http://dx.doi.org/10.1007%2FBF01503003
mlg
M Antonietti, T Pakula, W Bremser Macromolecules 28

mlg
4227 (1995)

mlg
V Foumaraux-Demange, A Brulet, J P Cotton, L Hilliou

mlg
P Martinoty, P Keller, F Boue Macromolecules 31 7445 (1998)

mlg
L A Uttracki J. Polym. Sci., Polym. Lett. Ed. 11 717 (1973)

mlg
P G Santangelo, C M Roland J. Non-Cryst. Solids 235 ± 237

mlg
709 (1998)

mlg
D C Baird, R L Ballman J. Rheol. 23 505 (1979)

http://dx.doi.org/10.1021%2Fma00116a025
http://dx.doi.org/10.1021%2Fma9714272
http://dx.doi.org/10.1002%2Fpol.1973.130111110
http://dx.doi.org/10.1016%2FS0022-3093%2898%2900623-1
http://dx.doi.org/10.1122%2F1.549530
mlg
J Roovers, N Hajichristidis, L J Fetters Macromolecules 16

mlg
214 (1983)

mlg
J Roovers, L-L Zhou, P M Toporowski,M van der Zwan,

mlg
H Iatrou, N Hadjichristidis Macromolecules 26 4324 (1993)

mlg
J E L Roovers, P M Toporowski, J Martin Macromolecules 22

mlg
1897 (1989

mlg
L M van Renterghem, E J Goethals, F E Du Prez

mlg
Macromolecules 39 528 (2006)

mlg
G Ch Behera, S Ramakrishnan Macromolecules 37 9814 (2004)

http://dx.doi.org/10.1021%2Fma00236a012
http://dx.doi.org/10.1021%2Fma00068a039
http://dx.doi.org/10.1021%2Fma00194a064
http://dx.doi.org/10.1021%2Fma051846w
http://dx.doi.org/10.1021%2Fma048738e
mlg
N Hadjichristidis, M Xenidou, H Iatrou,M Pitsikalis

mlg
Y Poulos, A Avgeropoulos, S Sioula, S Paraskeva, G Velis

mlg
D J Lohse, D N Schulz, L J Fetters, P J Wright, R A Mendelson

mlg
C A GarcõÂ a-Franco, T Sun, C J Ruff Macromolecules 33 2424

mlg
2000)

http://dx.doi.org/10.1021%2Fma991670w
mlg
J E L Roovers Polymer 16 827 (1975

mlg
J Roovers Polymer 20 843 (1979

mlg
W Radke, A H E M È ller Macromolecules 38 3949 (2005)

mlg
G Wei Macromolecules 30 2130 (1997)

http://dx.doi.org/10.1016%2F0032-3861%2875%2990115-9
http://dx.doi.org/10.1016%2F0032-3861%2879%2990121-6
http://dx.doi.org/10.1021%2Fma047799%2B
http://dx.doi.org/10.1021%2Fma960991u
mlg
C J G Plummer, A Luciani, T-Q Nguyen, L Garamszegi

mlg
M Rodlert, J-A E M Ê nson Polym. Bull. 49 77 (2002)

mlg
I Carmesin, K Kremer Macromolecules 21 2819 (1988)

http://dx.doi.org/10.1007%2Fs00289-002-0066-3
http://dx.doi.org/10.1021%2Fma00187a030
mlg
T H Mourey, S R Turner,M Rubinstein, J M J FreÂ chet

mlg
C J Hawker, K L Wooley Macromolecules 25 2401 (1992)

mlg
J M J FreÂ chet Science 263 1710 (1994)

http://dx.doi.org/10.1021%2Fma00035a017
http://dx.doi.org/10.1126%2Fscience.8134834
mlg
B Lepoittevin, R Matmour, R Francis, D Taton, Y Gnanou

mlg
Macromolecules 38 3120 (2005)

http://dx.doi.org/10.1021%2Fma048106s
mlg
F Ganazzoli, R La Ferla, G Terragni Macromolecules 33 6611

mlg
(2000)

mlg
S M Aharoni, C R Crosby III, E K Walsh Macromolecules 15

mlg
1093 (1982)

mlg
R Scherrenberg, B Coussens, P van Vliet, G Edouard

mlg
J Brackman, E de Brabander, K Mortensen Macromolecules 31

mlg
456 (1998)

http://dx.doi.org/10.1021%2Fma000258%2B
http://dx.doi.org/10.1021%2Fma00232a026
http://dx.doi.org/10.1021%2Fma9618181
mlg
C Cai, Z Y Chen Macromolecules 31 6393 (1998)

mlg
R L Lescanec,M Muthukumar Macromolecules 23 2280 (1990

mlg
A V Lyulin, D B Adolf, G R Davies Macromolecules 34 3783

mlg
(2001)

mlg
W W Graessley Macromolecules 15 1164 (1982)

mlg
P G Santangelo, C M Roland, J E Puskas Macromolecules 32

mlg
1972 (1999)

mlg
C B Gell, W W Graessley, V Efstratiadis, M Pitsikalis

mlg
N Hadjichristidis J. Polym. Sci., Part B 35 1943 (1997)

mlg
C Bero, C M Roland Macromolecules 29 1562 (1996)

mlg
C M Roland, C Bero Macromolecules 29 7521 (1996)

mlg
H Mavridis, R N Shroff Polym. Eng. Sci. 32 1778 (1992)

mlg
J S Wang, R S Porter Rheol. Acta 34 496 (1995)

mlg
S G Hatzikiriakos Polym. Eng. Sci. 40 2279 (2000)

mlg
P Wood-Adams, S Costeux Macromolecules 34 6281 (2001)

mlg
J F Vega, A SantamarõÂ a, A Muoz-Escalona, P Lafuent

mlg
Macromolecules 31 3639 (1998)

mlg
J M Carella, J T Gotro, W W Graessley Macromolecules 19

mlg
659 (1986)

http://dx.doi.org/10.1021%2Fma9807419
http://dx.doi.org/10.1021%2Fma00210a026
http://dx.doi.org/10.1021%2Fma0018796
http://dx.doi.org/10.1021%2Fma00232a040
http://dx.doi.org/10.1021%2Fma9815556
http://dx.doi.org/10.1002%2F%28SICI%291099-0488%2819970915%2935%3A12%3C1943%3A%3AAID-POLB9%3E3.0.CO%3B2-Q
http://dx.doi.org/10.1021%2Fma951439s
http://dx.doi.org/10.1021%2Fma960099n
http://dx.doi.org/10.1002%2Fpen.760322307
http://dx.doi.org/10.1007%2FBF00396562
http://dx.doi.org/10.1002%2Fpen.11360
http://dx.doi.org/10.1021%2Fma0017034
http://dx.doi.org/10.1021%2Fma9708961
http://dx.doi.org/10.1021%2Fma00157a031
mlg
J F Vega, J Martinez-Salazar Polym. Bull. 50 197 (2003

mlg
C Liu, C Li, P Chen, J He, Q Fan Polymer 45 2803 (2004

mlg
R A Mendelson, C A GarcõÂ a-Franco,M K Lyon

mlg
Macromolecules 35 3066 (2002)

mlg
H Watanabe Prog. Polym. Sci. 24 1253 (1999

mlg
A Di Cecca, J J Freire Macromolecules 35 2851 (2002)

mlg
V I Irzhak, G V Korolev, M E Solov'ev Usp. Khim. 66 179

mlg
1997) [Russ. Chem. Rev. 66 167 (1997)]

http://dx.doi.org/10.1007%2Fs00289-003-0151-2
http://dx.doi.org/10.1016%2Fj.polymer.2004.02.030
http://dx.doi.org/10.1021%2Fma0117559
http://dx.doi.org/10.1016%2FS0079-6700%2899%2900029-5
http://dx.doi.org/10.1021%2Fma011688i
mlg
A J Levine, S T Milner Macromolecules 31 8623 (1998)

http://dx.doi.org/10.1021%2Fma980347a
mlg
P M Wood-Adams, J M Dealy, A W deGroot, O D Redwine

mlg
Macromolecules 33 7489 (2000)

mlg
R N Shroff, H Mavridis Macromolecules 32 8454 (1999)

mlg
R N Shroff, H Mavridis Macromolecules 34 7362 (2001)

mlg
D Yan,W J Wang, S Zhu Polymer 40 1737 (1999)

mlg
C J Tsenoglou, A D Gotsis Macromolecules 34 4685 (2001)

mlg
J H Lee, L J Fetters, L A Archer Macromolecules 38 4484

mlg
(2005)

mlg
P Wood-Adams J. Rheol. 45 203 (2001)

mlg
D Auhl, J Stange, H M È lnstedt, B Krause, D Voigt

mlg
A Lederer, U Lappan, K Lunkwitz Macromolecules 37

mlg
9465 (2004)

mlg
P F W Simon, A H E M È ller, T Pakula Macromolecules 34

mlg
1677 (2001)

http://dx.doi.org/10.1021%2Fma991533z
http://dx.doi.org/10.1021%2Fma9909354
http://dx.doi.org/10.1021%2Fma010573b
http://dx.doi.org/10.1016%2FS0032-3861%2898%2900318-8
http://dx.doi.org/10.1021%2Fma010370n
http://dx.doi.org/10.1021%2Fma047687i
http://dx.doi.org/10.1122%2F1.1332785
http://dx.doi.org/10.1021%2Fma030579w
http://dx.doi.org/10.1021%2Fma0014766
mlg
M Bohdanecky Macromolecules 10 971 (1977)

mlg
D S Pearson, E Helfand Macromolecules 17 888 (1984)

mlg
L J Fetters, A D Kiss, D S Pearson, G F Quack, F J Vitus

mlg
Macromolecules 26 647 (1993)

http://dx.doi.org/10.1021%2Fma60059a016
http://dx.doi.org/10.1021%2Fma00134a060
http://dx.doi.org/10.1021%2Fma00056a015
http://dx.doi.org/10.1070/RC2004v073n03ABEH000881
http://dx.doi.org/10.1070/RC1997v066n02ABEH000256

Topological structure and relaxation properties of branched polymers

933

174.

175.

176.
177.

178.
179.

180.
181.

182.
183.

184.
185.

186.
187.
188.
189.

190.
191.

192.

193.

194.

195.

196.
197.

198.

199.

200.
201.

202.
203.

204.
205.
206.
207.
208.
209.
210.
211.

212.
213.

214.
215.

216.
217.

218.

219.

I Bodnar, A S Siiva, R W Deitcher, N E Welsman, Y H Kim,
N J Wagner J. Polym. Sci., Part B 38 &57 (2000)

S Uppuluri, S E Keinaiihh, D A Tomaliz, P R Dvornic
Macromolecules 31 4498 (1998)

T Lee, A J McHugh Macromo!ecules 34 9050 (2001)

L J Markosk:, J S Moore, I Sendijarevic, A J McHugh
Macromolecules 34 2695 (2001)

S B Kharchenko, R M Kannan Macromolecules 36 407 (2003)
C M Nunez, B S Chiou, A L Andrady, S A Khan
Macromolecules 33 1720 (2000)

J Roovers Polymer 26 1091 (1985)

G S Grest, L J Fetters, J S Huang, D Richter Adv. Chem. Phys.
94 67 (1996)

K L Ngai, D J Plazek Rubber Chem. Technol. 68 376 (1995)
Jabbarzadejr, J D Atkinsor,, R I Tanner Maciromolecules 36
5020 (2003)

H M Laun, H Schuch J. Rheol. 33 119 (1989)

H M Miinstedi, S Kurzbeck, L Egersdofer Rheol. Acta 37

21 (1998)

L Xue, U S Agarwal, P J Lemstra Macromolecules 38 8825
(2005)

X Ye, T Sridhar Macromolecules 34 §270) (2001)

T Trzebiatkowsii, H Wilski Rheol. Acta 24 582 (1985)

A Malmberg, riel, T Sieffl, H Minsied:, B Llfgren
Macromolecule 1038 (2002)

C D Han, C Villamizar J. App!. Polym. Sci. 22 1847 (1978)

M H Wagner, H Bastian, P Heclunizann, J Meissrer, S Kurzbeck,
H Mnsted:, F Langouche Rleol. Acta 39 97 (2000)

H Mnsted:, H M Laun Rheo!. Acta 18 492 (1979)

M Sugimoto, Y Suzuki, K Hyun, K H Ahn, T Ushioda,

A Nishioka, T Taniguchi, K Koyama Rheol. Acta 45 (2006) (in
the press)

Z Ye, S Zha Macromolecules 36 2194 (2003)

D S Thompsor, L J Markosk:, J S Moore, I Sendijarevic,

A Lee, A J McHugh Macromo/ecules 33 6412 (2000)

T Lee, A J McHugh Macromo/ecules 34 7127 (2001)

H Watanabe, Y Maisumiya, S Ishida, T Takigawez, T Yamamoto,
D Vlassopou'os, J Roovers Macromolecules 38 7404 (2005)

D Vlassopoulos, M Pitsikalis, N Hadjichristid's Macromolecules
339740 (2000)

A L Frischknecht, S T Milner, A Pryke, R N Young, R Hawkins,
T C B McLeish Macromo/ecides 35 4501(2002)

R C Ball, T C B McLeish Maciromolecules 22 1911 (1989)

G Bishko, T C B McLeish, O G Harlen Phys. Rev. Lett. 79 2352
(1997)

D J Read, T C B McLeish Macromolecules 34 1928 (2001)

R J Blackwell, O G Harlen, T C B McLeish Maciromolecules 34
2579 (2001)

N Ch Karayianms, V. G Mavrantzas Macromolecules 38 8583
(2005)

J H Lee, L J Fetters, L A Archer Macromolecules 38 10763
(2005)

M Kapnistos, D Vlassopoulos, J Roovers, L G Leal
Macromolecuirs 38 7852 (2005)

T C B McLeish Europhys. Lett., Part B 6 511 (1988)

R G Larson Macromolecules 34 4556 (2001)

S J Park, S Shanbhag, R G Lerson Rheol. Acta 44 319 (2005)
A L Frischknecht, S T Milner Maciromolecules 33 9764 (2000)
N Clarke, F R Colley, S A Collins, L R Huichings,

R L Thompson Macromo/ecules 39 1299 (2006)

J C Majesté, C Carrot, P Stanescu Rheol. Acra 42 432 (2003)

A Schausberger, G Schindlauer, H Janeschitz-Kriegl Rheol.
Acta 24 220 (1985)

S T Milner, T C B McLeish Macromolecules 31 7479 (1998)

M T Islam, Julzni, L A Archer, S K Varshney Macromolecules
34 6438 (2001)

J Roovers, P M Toporowski Macromolecules 20 2300 (1987)

S Houli, H Tatrou, N Hadj christidis, D Viassopoulos
Macromolecules 35 6592 (2002)

D R Daniels, T C B McLeisl, B J Crosby, R N Young,

C M Fernyhough Macromolecules 347 (2001)

J R Dorgar, D M Knauss, H A Al-Mualiem, T Huang,

D Vlassopouios Macromo!ecules 36 350 (2003)

220.
221.
222.
223.
224.
225.
226.
227.
228.

229.
230.

231.

232.
233.

234.
235.
236.
237.
238.
239.
240.
241.
242.
243.

244,
245.

246.
247.

248.
249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

I Sendijarevic, A J McHugh, L J Markoski, J S Moore J.
Rheol. 45 1245 (2001)

C A Garcia-Franco, S Srinivas, D J Lojse, P Brant
Macromolecules 34 3115 (2001)

F Chambon, H H Winter Po./ym. Bull. 13499 (1985)

F Chambor, H Winter J. Rheol. 31 653 (1987)

M Baumgaeriel, H H Winter Rheol. Acta 28 511 (1989)

H H Winter Pirog. Colloid Polym. Sci. 75 104 (1987)

M Muthukumar J. Chem. Phys. 83 3161 (1985)

P Tordjeman, C Fargette, P Muin J. Rheo!. 45995 (2001)

M Rubinstein, R Colby, J Gillmor Polym. Prepr. (Am. Chem.
Soc., Div. Polym. Chem.) 30 81 (1989)

D Adolf, J Mart'n Macromo/lecules 23 3700 (1990)

C Degoulet, T Nicolai, D Durand, J P Busnel Maciromolecules
28 6819 (1995)

S Kunameaneni, D M A Buzza, E De Luca, R W Richards
Macromolecules 37 9295 (2004)

T S Chow Macromol. Theory Simul.7 257 (1998)

T Nicolai, H Randrianantozndro, F Prochazka, D Durand
Macromolecules 30 5897 (1997)

M Adam, D Lairez, M Karpasas, M Gottlieb Macromolecules
30 5920 (1997)

J Lange, M Johansson, C T Kelly, P J Halley Polymer 40 5599
(1999)

T Tixier, Ph Tordjeman Polymer 44 6937 (2003)

Yu I Matveev Vysokomol. Soedin., Ser. B 45 841 (2003)

A B Rodd, J Cooper-Whiie, D E Dunstzn, D V Boger
Polymer 42 185 (2001)

Y Zhao, Y Yang, C Wu Macromolecules 36 855 (2003)

H H Winter, M Mours Adv. Polym. Sci. 134 167 (1997)

P Mller J. Phys. A 35 10443 (2003)

P-J de Gennes C. R. Hebd. Seances Acad. Sci., Ser. B 286 131
(1978)

J P Eloundou, M Feve, ] F Gerard, D Harran, J P Pascault
Macromolecules 29 6907 (1996)

L Matéjka Polym. Bull. 26 109 (1991)

J E Marin, D Adof, J P Wilcoxon Phys. Rev. Lett. 61 2620
(1988)

D Adolf, J E Martin Macromolecules 24 6721 (1991)

F Devreux, J P Eoilot, F Chaput, L Malier, M A V Axelos
Phys. Rev. E 47 25689 (1993)

M A V Axelos, M Kolb Phys. Rev. Lett. 64 1457 (1990)

T Matsumoto, M Masahiro, T Masuda Macromolecules 25
5430 (1992)

F Chamborn, Z S Petrovic, W J MacKn ght, H H Winter
Macromolecules 19 2146 (1986)

F Prochazka, T Nicolai, D Durand Macromo!ecidles 29 2260
(1996)

J M Yu, Ph Dubuwis, Ph Teyssié, R Jéréme, S Blacher,

F Brouers, G L' Homme Maciromolecules 29 5384 (1996)

Y Zhao, Y Cac, Y Yang, C Wu Mucromolecules 36 855 (2003)
C Michon, G Cuvelier, B Launay Rheol. Acta 32 94 (1993)

T Furukawa, K Ishizu Macromolecules 38 2911 (2005)

Y G Lin, D T Mallin, C W Chien, H H Winter
Macromolecides 24 850 (1991)

P Ourdouiilie, P Chaumont, F Mechin, M Dumon, D Durand,
T Nicolai Macromolecules 34 4109 (2001)

V Lesturgeon, T Nicolai, D Durand Eur. Phys. J., B12 71
(1999)

V Lesturgeon, T Nicolai, D Durand Eur. Phys. J., B12 83
(1999)

G M Bartenev, A G Barteneva Relaksatsionnye Svoistva
Polimerov (Relaxation Properties of Polymers) (Moscow:
Khimiya, 1992)

A Ya Malkin Vysokomol. Soedin., Ser. C 44 1720 (2002) 2

H H Winter J. Non-Newton. Fluid Mech. 68 225 (1997)

V A Dubovitskii, V T Irzhak Vysokomol. Soedin., Ser. A 47 121

(2005) 2

M Baumgaeriel, A Schausberger, H H Winter Rheol. Acta 29
400 (1990)

M Baumgaertei, H H Winter J. Noin-Newton. Fluid Mech. 44 15
(1992)

S G Hatzik rizkos, M Kapnistos, D Viassopoulos,
C Chevillard, H H Winter, J Roovers Rheol. Acta 39 38 (2000)


mlg
I Bodnar, A S Silva, R W Deitcher, N E Weisman, Y H Kim

mlg
N J Wagner J. Polym. Sci., Part B 38 857 (2000)

mlg
S Uppuluri, S E Keinath, D A Tomalia, P R Dvornic

mlg
Macromolecules 31 4498 (1998)

mlg
T Lee, A J McHugh Macromolecules 34 9080 (2001)

mlg
L J Markoski, J S Moore, I Sendijarevic, A J McHugh

mlg
Macromolecules 34 2695 (2001)

mlg
S B Kharchenko, R M Kannan Macromolecules 36 407 (2003)

mlg
C M Nunez, B S Chiou, A L Andrady, S A Khan

mlg
Macromolecules 33 1720 (2000)

mlg
J Roovers Polymer 26 1091 (1985)

http://dx.doi.org/10.1002%2F%28SICI%291099-0488%2820000315%2938%3A6%3C857%3A%3AAID-POLB6%3E3.0.CO%3B2-4
http://dx.doi.org/10.1021%2Fma971199b
http://dx.doi.org/10.1021%2Fma011430s
http://dx.doi.org/10.1021%2Fma0010884
http://dx.doi.org/10.1021%2Fma025649y
http://dx.doi.org/10.1021%2Fma991044z
http://dx.doi.org/10.1016%2F0032-3861%2885%2990234-4
mlg
Jabbarzadeh, J D Atkinson, R I Tanner Macromolecules 36

mlg
5020 (2003)

http://dx.doi.org/10.1021%2Fma025782q
mlg
H M Laun, H Schuch J. Rheol. 33 119 (1989)

mlg
H M MuÈ nstedt, S Kurzbeck, L Egersdofer Rheol. Acta 37

mlg
21 (1998)

mlg
L Xue, U S Agarwal, P J Lemstra Macromolecules 38 8825

mlg
(2005)

mlg
X Ye, T Sridhar Macromolecules 34 8270 (2001)

mlg
T Trzebiatkowski, H Wilski Rheol. Acta 24 582 (1985)

mlg
A Malmberg, Gabriel, T Steffl, H M È nstedt, B Llfgren

mlg
Macromolecules 35 1038 (2002)

mlg
C D Han, C Villamizar J. Appl. Polym. Sci. 22 1847 (1978)

mlg
MH Wagner, H Bastian, P Hachmann, J Meissner, S Kurzbeck

mlg
H M È nstedt, F Langouche Rheol. Acta 39 97 (2000)

mlg
H M È nstedt, H M Laun Rheol. Acta 18 492 (1979)

mlg
Z Ye, S Zhu Macromolecules 36 2194 (2003)

mlg
D S Thompson, L J Markoski, J S Moore, I Sendijarevic,

mlg
A Lee, A J McHugh Macromolecules 33 6412 (2000)

http://dx.doi.org/10.1122%2F1.550058
http://dx.doi.org/10.1007%2Fs003970050087
http://dx.doi.org/10.1021%2Fma0502811
http://dx.doi.org/10.1021%2Fma002192o
http://dx.doi.org/10.1007%2FBF01332591
http://dx.doi.org/10.1021%2Fma010753l
http://dx.doi.org/10.1002%2Fapp.1978.070220618
http://dx.doi.org/10.1007%2Fs003970050010
http://dx.doi.org/10.1007%2FBF01736955
http://dx.doi.org/10.1021%2Fma0340053
http://dx.doi.org/10.1021%2Fma990845z
mlg
T Lee, A J McHugh Macromolecules 34 7127 (2001)

mlg
HWatanabe,YMatsumiya, S Ishida, T Takigawa, T Yamamoto

mlg
D Vlassopoulos, J Roovers Macromolecules 38 7404 (2005)

mlg
D Vlassopoulos,M Pitsikalis,N Hadjichristidis Macromolecules

mlg
33 9740 (2000)

mlg
A L Frischknecht, S T Milner, A Pryke, R N Young, R Hawkins

mlg
T C B McLeish Macromolecules 35 4801(2002)

mlg
R C Ball, T C B McLeish Macromolecules 22 1911 (1989)

mlg
G Bishko, T C B McLeish, O G Harlen Phys. Rev. Lett. 79 2352

mlg
(1997)

mlg
D J Read, T C B McLeish Macromolecules 34 1928 (2001)

mlg
R J Blackwell, O G Harlen, T C B McLeish Macromolecules 34

mlg
2579 (2001)

mlg
N Ch Karayiannis, V G Mavrantzas Macromolecules 38 858

mlg
(2005)

mlg
J H Lee, L J Fetters, L A Archer Macromolecules 38 10763

mlg
2005)

mlg
M Kapnistos, D Vlassopoulos, J Roovers, L G Leal

mlg
Macromolecules 38 7852 (2005)

http://dx.doi.org/10.1021%2Fma0103122
http://dx.doi.org/10.1021%2Fma0506738
http://dx.doi.org/10.1021%2Fma000741k
http://dx.doi.org/10.1021%2Fma0101411
http://dx.doi.org/10.1021%2Fma00194a066
http://dx.doi.org/10.1103%2FPhysRevLett.79.2352
http://dx.doi.org/10.1021%2Fma001483u
http://dx.doi.org/10.1021%2Fma001687a
http://dx.doi.org/10.1021%2Fma050989f
http://dx.doi.org/10.1021%2Fma051856x
http://dx.doi.org/10.1021%2Fma050644x
mlg
R G Larson Macromolecules 34 4556 (2001)

mlg
S J Park, S Shanbhag, R G Larson Rheol. Acta 44 319 (2005)

mlg
A L Frischknecht, S T Milner Macromolecules 33 9764 (2000)

mlg
N Clarke, F R Colley, S A Collins, L R Hutchings

mlg
R L Thompson Macromolecules 39 1290 (2006)

mlg
J C Majest Â , C Carrot, P Stanescu Rheol. Acta 42 432 (2003)

mlg
A Schausberger, G Schindlauer, H Janeschitz-Kriegl Rheol.

mlg
Acta 24 220 (1985)

mlg
S T Milner, T C B McLeish Macromolecules 31 7479 (1998)

mlg
M T Islam, Juliani, L A Archer, S K Varshney Macromolecules

mlg
34 6438 (2001)

mlg
J Roovers, P M Toporowski Macromolecules 20 2300 (1987)

mlg
S Houli, H Iatrou, N Hadjichristidis, D Vlassopoulos

mlg
Macromolecules 35 6592 (2002)

mlg
D R Daniels, T C B McLeish, B J Crosby, R N Young

mlg
C M Fernyhough Macromolecules 34 7025 (2001)

mlg
J R Dorgan, D M Knauss, H A Al-Muallem, T Huang

mlg
D Vlassopoulos Macromolecules 36 380 (2003)

http://dx.doi.org/10.1021%2Fma000700o
http://dx.doi.org/10.1007%2Fs00397-004-0415-2
http://dx.doi.org/10.1021%2Fma000918a
http://dx.doi.org/10.1021%2Fma051973s
http://dx.doi.org/10.1007%2Fs00397-003-0297-8
http://dx.doi.org/10.1007%2FBF01332600
http://dx.doi.org/10.1021%2Fma980060d
http://dx.doi.org/10.1021%2Fma000892n
http://dx.doi.org/10.1021%2Fma00175a040
http://dx.doi.org/10.1021%2Fma0204709
http://dx.doi.org/10.1021%2Fma010712p
http://dx.doi.org/10.1021%2Fma020612z
mlg
I Sendijarevic, A J McHugh, L J Markoski, J S Moore J

mlg
Rheol. 45 1245 (2001)

mlg
C A GarcõÂ a-Franco, S Srinivas, D J Lohse, P Brant

mlg
Macromolecules 34 3115 (2001)

mlg
F Chambon, H H Winter Polym. Bull. 13 499 (1985)

mlg
F Chambon, H Winter J. Rheol. 31 683 (1987)

mlg
M Baumgaertel, H H Winter Rheol. Acta 28 511 (1989)

mlg
H H Winter Prog. Colloid Polym. Sci. 75 104 (1987)

mlg
M Muthukumar J. Chem. Phys. 83 3161 (1985)

mlg
P Tordjeman, C Fargette, P Mutin J. Rheol. 45 995 (2001)

http://dx.doi.org/10.1122%2F1.1389313
http://dx.doi.org/10.1021%2Fma0021794
http://dx.doi.org/10.1007%2FBF00263470
http://dx.doi.org/10.1122%2F1.549955
http://dx.doi.org/10.1007%2FBF01332922
http://dx.doi.org/10.1007%2FBF01188363
http://dx.doi.org/10.1063%2F1.449222
http://dx.doi.org/10.1122%2F1.1378027
mlg
D Adolf, J Martin Macromolecules 23 3700 (1990)

mlg
C Degoulet, T Nicolai, D Durand, J P Busnel Macromolecules

mlg
28 6819 (1995)

mlg
S Kunamaneni, D M A Buzza, E De Luca, R W Richards

mlg
Macromolecules 37 9295 (2004)

http://dx.doi.org/10.1021%2Fma00217a026
http://dx.doi.org/10.1021%2Fma00124a017
http://dx.doi.org/10.1021%2Fma034932%2B
mlg
T Nicolai, H Randrianantoandro, F Prochazka, D Durand

mlg
Macromolecules 30 5897 (1997)

mlg
M Adam, D Lairez, M Karpasas,M Gottlieb Macromolecules

mlg
30 5920 (1997)

mlg
J Lange,M Johansson, C T Kelly, P J Halley Polymer 40 5

mlg
(1999)

mlg
T Tixier, Ph Tordjeman Polymer 44 6937 (2003)

http://dx.doi.org/10.1021%2Fma9617936
http://dx.doi.org/10.1021%2Fma970184a
http://dx.doi.org/10.1016%2FS0032-3861%2898%2900781-2
http://dx.doi.org/10.1016%2Fj.polymer.2003.08.015
mlg
A B Rodd, J Cooper-White, D E Dunstan, D V Boger

mlg
Polymer 42 185 (2001)

http://dx.doi.org/10.1016%2FS0032-3861%2800%2900311-6
mlg
P M È ller J. Phys. A 36 10443 (2003)

http://dx.doi.org/10.1088%2F0305-4470%2F36%2F42%2F002
mlg
J P Eloundou,M Feve, J F Gerard, D Harran, J P Pascault

mlg
Macromolecules 29 6907 (1996)

mlg
L MateÃ jka Polym. Bull. 26 109 (1991)

http://dx.doi.org/10.1021%2Fma960287d
http://dx.doi.org/10.1007%2FBF00299355
mlg
J E Marin, D Adolf, J P Wilcoxon Phys. Rev. Lett. 61 2620

mlg
(1988)

mlg
D Adolf, J E Martin Macromolecules 24 6721 (1991)

mlg
F Devreux, J P Boilot, F Chaput, L Malier, M A V Axelos

mlg
Phys. Rev. E 47 2689 (1993)

mlg
M A V Axelos,M Kolb Phys. Rev. Lett. 64 1457 (1990)

mlg
T Matsumoto,M Masahiro, T Masuda Macromolecules 25

mlg
5430 (1992)

mlg
F Chambon, Z S Petrovic, W J MacKnight, H H Winter

mlg
Macromolecules 19 2146 (1986)

mlg
F Prochazka, T Nicolai, D Durand Macromolecules 29 2260

mlg
(1996

mlg
J M Yu, Ph Dubois, Ph TeyssieÂ , R J Â roÃ me, S Blacher

mlg
F Brouers, G L'Homme Macromolecules 29 5384 (1996)

mlg
Y Zhao, Y Cao, Y Yang, C Wu Macromolecules 36 855 (2003)

mlg
C Michon, G Cuvelier, B Launay Rheol. Acta 32 94 (1993)

mlg
T Furukawa, K Ishizu Macromolecules 38 2911 (2005)

mlg
Y G Lin, D T Mallin, C W Chien, H H Winter

mlg
Macromolecules 24 850 (1991)

http://dx.doi.org/10.1103%2FPhysRevLett.61.2620
http://dx.doi.org/10.1021%2Fma00025a025
http://dx.doi.org/10.1103%2FPhysRevE.47.2689
http://dx.doi.org/10.1103%2FPhysRevLett.64.1457
http://dx.doi.org/10.1021%2Fma00046a047
http://dx.doi.org/10.1021%2Fma00162a007
http://dx.doi.org/10.1021%2Fma950741y
http://dx.doi.org/10.1021%2Fma951911%2B
http://dx.doi.org/10.1021%2Fma020919y
http://dx.doi.org/10.1007%2FBF00396681
http://dx.doi.org/10.1021%2Fma047777n
http://dx.doi.org/10.1021%2Fma00004a006
mlg
P Ourdouillie, P Chaumont, F Mechin,M Dumon, D Durand

mlg
T Nicolai Macromolecules 34 4109 (2001)

mlg
V Lesturgeon, T Nicolai, D Durand Eur. Phys. J., B 12 71

mlg
(1999)

mlg
V Lesturgeon, T Nicolai, D Durand Eur. Phys. J., B 12 83

mlg
(1999)

http://dx.doi.org/10.1021%2Fma010113i
http://dx.doi.org/10.1007%2Fs100510050743
http://dx.doi.org/10.1007%2Fs100510050744
mlg
H H Winter J. Non-Newton. Fluid Mech. 68 225 (1997)

http://dx.doi.org/10.1016%2FS0377-0257%2896%2901512-1
mlg
M Baumgaertel, A Schausberger, H H Winter Rheol. Acta 29

mlg
400 (1990)

mlg
M Baumgaertel, H H Winter J. Non-Newton. Fluid Mech. 44 15

mlg
(1992)

mlg
S G Hatzikiriakos,M Kapnistos, D Vlassopoulos

mlg
C Chevillard, H H Winter, J Roovers Rheol. Acta 39 38 (2000)

http://dx.doi.org/10.1007%2FBF01376790
http://dx.doi.org/10.1016%2F0377-0257%2892%2980043-W
http://dx.doi.org/10.1007%2Fs003970050005

934

V I Irzhak

267.
268.

269.

270.

271.
272.

J Honerkamp, J Weese Rheol. Acta 32 6 (1993)

V A Dubovitskii, V I Irzhak Dokl. Akad. Nauk. 408 (2006)
(in the press) ¢

D R Daniels, T C B McLeish, R Kant, B J Crosby,

R N Young, A Pryke, J Allgaier, D J Groves, R J Hawkins
Rheol. Acta 40403 (2001)

J Mijovia, M Sur, S Fejanovia, J W Mays Macromoleciiles 36
7640 (2003)

S Kuchanov, H Siot, A Stroeks Pirog. Polym. Sci. 29 563 (2004)
C Cameron, A H Fawcett, C Hetherngron, R A W Mee,

F V McBride J. Chem. Phys. 108 §235 (1998)

a— Polym. Sci. (Engl. Transl.)
b Russ. Chem. Bull., Int. Ed. (Engl. Transl.)
¢— Dokl. Chem. (Engl. Transl.)


mlg
D R Daniels, T C B McLeish, R Kant, B J Crosby,
R N Young, A Pryke, J Allgaier, D J Groves, R J Hawkins
Rheol. Acta 40 403 (2001)

mlg
J MijoviaÊ , M Sun, S PejanoviaÊ , J W Mays Macromolecules 36
7640 (2003)

mlg
S Kuchanov, H Slot, A Stroeks Prog. Polym. Sci. 29 563 (2004)

mlg
C Cameron, A H Fawcett, C Hetherington, R A W Mee,
F V McBride J. Chem. Phys. 108 8235 (1998)

http://dx.doi.org/10.1007%2Fs003970100175
http://dx.doi.org/10.1021%2Fma034881g
http://dx.doi.org/10.1016%2Fj.progpolymsci.2004.02.001
http://dx.doi.org/10.1063%2F1.476179

	Introduction
	Architecture of branched macromolecules
	Rheological properties
	Relaxation modulus
	Relaxation spectra
	Conclusion
	References

