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Preface 

Viscosimetry is to this day an easy accessible, but at the same time significant an­
alytical method for the characterization of polymers in solution. It is therefore 
widely used in the technical chemistry and chemical engineering like pharmaceu­
tical, medical, polymer processing and food industries as well as in research insti­
tutes and universities. Viscosimetry allows for a fast and low-priced determination 
of relevant parameters such as solution structure, volume fraction, coil dimensions, 
molar mass, viscosity or thermodynamical properties of a polymer in solution. 

The importance of viscosimetry as an independent area in the field of polymer 
analytics becomes clear through the Nobel prices awarded for two works in this 
area. The name of the 1953 honored Prof. Hermann Staudinger for his proof of 
the existence of polymers is still used in viscosimetry in the intrinsic viscosity 
(German: "Staudingerindex") (see "Intrinsic viscosimetry" in Chap. 4). In 1974, 
Prof. Paul J. Flory was honored with the Nobel price for his groundbreaking works 
on the conformation of polymers in solution and his name is conserved for pos­
terity in the Flory constant (see "The Fox-Flory theory" in Chap. 8). 

During the last few years, the importance of viscosimetry as a means of deter­
mination of the influence of molecular structure parameters such as molar mass, 
concentration, solvent, temperature, shear rate, chemical structure, and degree of 
branching or tacticity on the property viscosity of a polymer solution has been 
established on numerous national and international conferences and congresses on 
polymer analytics. On the other hand, it has become clear that at the moment, no 
textbook or instruction manual is available that presents this extensive topic in a 
concise way. To impart information about viscosimetry and the determination of 
its structure-property relationships are therefore the main goals of this book. 

In addition to this, a general knowledge of the broad behavioral spectrum of 
polymer solutions is of outmost importance for the proper handling of viscosi-
metric equipment and the interpretation of data. Therefore, this laboratory hand­
book is intended as a guideline for the practical everyday application of viscosi­
metry as well as a comprehensive companion for the interpretation of viscosimetric 
data from simple to complex polymer solutions. 

This book originated from the practical experiences during the supervision of 
the practical laboratory courses in polymer analytics at the Institut fur Technische 
Chemie, Technical University of Braunschweig with Prof. J. Klein, to whom we 
would like to express our thanks at this point. The continuation of this work at the 
Institut fur Technische und Makromolekulare Chemie, University of Hamburg and 



VIII Preface 

especially the contact of the authors and the colleagues at the Institute with the in­
dustry have made it possible for the many practical examples and problems to find 
their way into this book. At this point we would like to thank Prof. H. U. Moritz 
and Prof. W. Kaminsky, the latter for the support in clarifying the question of 
the coil dimensions of tactic polymers in solution. We would also like to thank the 
colleagues in other laboratories for their help, in particular Prof. J. Klein, Prof. 
E. Killmann and Dr. Horn for the "Polyelectrolytes" symposia series. It is not pos­
sible to list all the contacts and discussions with colleagues around the world at in­
ternational and national conferences on polymer analytics, especially the meetings 
of the American Society of Rheology (SOR), the European Society of Rheology 
(ESR) and the national meetings of the European societies. Furthermore, we would 
like to thank the members of the workgroup for their contribution to this book, 
especially Dr. M. Matthies and Dipl.-Chem. M. Knarr for their help with the man­
uscript and Dr. C. Seidel and Dipl.-Chem. J. P. Plog for the revision of the English 
version of this book. Last but not least we would like to thank Dr. H.-M. Laun, 
Prof. D. Lechner and Prof. H. Munstedt for helpful comments and their extended 
review of the manuscript. 

We hope that this book serves as a tutorial as well as a comprehensive compan­
ion that covers the broad area of viscosimetry of polymers in solution. 

Hamburg, November 2003 W-M.Kulicke 
C. Clasen 
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1 Introduction and Objective 

Viscosimetry is one of the basic analytical methods for examining the structure 
and the properties of polymer fluids. Many different polymers from varying pro­
duction processes are utilized in solution in diverse applications. Furthermore, it 
is possible, by varying the molar mass of one and the same polymer system, to 
tailor specifically the properties of the polymer to the area of use. Polymers are 
chain- or thread-shaped molecules that take on a coil-like structure in dilute solu­
tions. Even though the molecule continuously changes its form under the influence 
of statistic thermodynamic movement, it fills out a constant spherical space in so­
lution over a time average. In principle, a molecule can also take the shape of com­
pact aggregated spherical particles (glycogen, globular proteins), or in the case of 
ionic polymers take on a linear rod-like structure, since through the same charges 
on the chain repelling forces are taking effect (Fig. I.I). 

a = 0 

a > 0 . 5 

8 S 2 

FI9 .1 .1 . Schematic representation of the differ­
ent stages of the solution conformation of dis­
solved polymers: compact (a=0), pseudo-ideal 
unperturbed dimensions (theta conditions. 
o=05l. good solvent (o<0.5). rigid rod (o«2) 



1 Introduction and Objective 

Theoretical approaches to determine solution structures of neutral polymers act 
on the assumption of the pseudo ideal state. Here the solvation forces from the sol­
vent and the aggregation forces of the chain segments are in an equilibrium where 
the coil appears to be unaffected by forces. This pseudo ideal state is called the theta 
state. Theta conditions exist when the exponent a of the | r/|-M-relationship has the 
value a=0.S and at the same time the value of the second virial coefficient is -\ 0 
(see the chapter "The [/j]-M-relationship" in this monograph). Accordingly, a 
pseudo ideal solvent is called theta solvent and the corresponding temperature is 
called theta temperature. As Flory showed in his Nobel price lecture [ I ], the theta 
state can be described mathematically exactly from the chemical structure of the 
chain. 

Real polymer solutions mostly do not occur in the theta state. Both, the undis­
turbed dimensions of the polymer coils and other states of solution can be exper­
imentally determined with the help of viscosimetry. 

Polymers in solution are used in a broad range of molar masses in a multitude 
of applications. Ultra high molecular polyelectrolytes (polycations) are used as 
flocculation agents for wastewater treatment. Here, the electrostatic interactions of 
the polymer and the solid particles in the solution are used 12,31. The use of either 
polycations with a high molar mass or a combined use of polycations and polyan-
ions depends on the separation problem |4|. Other polymers with high molar 
masses are being used for the drag reduction in aqueous solutions 15|,e.g. poly(ethyl­
ene oxide) (PEO) to increase the range of fire extinguishing systems and oil-solu­
ble vinyl copolymers or poly(isobutene) (P1B) in oil pipelines [6]. Other applica­
tion areas include the use of sodium poly(acrylamide-co-acrylate) (PAAm/AAcNa) 
in enhanced oil recovery (polymer flooding) [7]. Even bodily biopolymers with a 
high molar mass, such as the hyaluronic acid in the synovial fluid of the knee joint 
provide, for example, the right lubrication [8,9|. Polymers with a very low molar 
mass, such as po!y(acrylic acids) are used as encrustation inhibitors. Other low mo­
lar mass polymers such as poly(methylmethacrylate) or styrene-isoprene- or 
styrene-butadiene copolymers with molar masses of Ixl0'-2xl0* g/mol are uti­
lized to improve the viscosity index (VI) of motor oils 110|. Biopolymers from re­
newable sources find many areas of use in solution. An example is hydroxyethyl 
starch (HES) with a range of the molar mass of M=7xl04-3xl0* g/mol for the use 
in medical applications as blood plasma expander 111.12]. In this case, the colloid 
osmotic pressure of the polymer is used to propagate the flow of tissue water into 
the veins. Additional areas of application for polymers with a broad molar mass 
range are given in Fig. 1.1. 

For all the polymer solutions described above, a characterization of the molar 
mass and the flow properties had to be made in order to tailor the properties to the 
area of use. Practically the determination of the molar mass and the solution struc­
ture is done using viscosimetry. The solution structure, or to be more precise, the 
solution conformation of a polymer is the constant volume requirement of the 
coiled thread-like molecule over the time average. The description of the dimen­
sions of the coil is made in practice by using the intrinsic viscosity [ '/I that repre­
sents a measure for the density of the thread-like molecule in solution. Within a 
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theta solvent, the polymer thread can be viewed as infinitely thin for all practical 
reasons (Fig. 1.1). 

In a so-called "good" solvent the solvating envelope around the polymer chain 
increases, the thread appears to become thicker, and the volume requirement in­
creases (see Fig. 1.1). The volume requirement also increases with an increasing 
molar mass and the accompanying elongation of the polymer chain. The effect of 
this increased volume requirement on the flow behavior of the solution can be mea­
sured directly using viscosimetry. Especially for the very broad range of molar 
masses in which polymers in solution find applications (Fig. 1.2), the measurement 
of the viscosity is a method of characterization, which can be used over the whole 
range. 

The viscosity of a polymer solution is not only dependent on the molar mass, but 
also on the concentration, the solvent, the type and composition of the polymer so­
lution fraction, the temperature and the pressure. The measurement of the viscos­
ity, therefore, is not only for the practical and simple determination of a single 
product trait. Besides a simple single-point measurement and the quality control, 
viscosimetry allows for a much deeper insight into the flow properties of a polymer 
solution. The increase of the internal friction of a solution (the "viscosity") can be 

1 1 
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4 1 Introduction and Objective 

Table 1.1. Problem solving via viscosimetric parameters and structure-property relation­
ships 

Task Measurement categories 

Viscosity level rj, r;,, /;,,„ ;/,.,, (single point measurements) 
Polyelectrolyte character rĵ , i\:,,,, salt concentration 
Molar mass |n|,|rj|-M-relationship 
Conformation | n |. u. a' 
Change in conformation, IJ, IJ,|IJ), solvent, time, temperature 
(solvent influence), aging 
Structure-impact \i\\ for special applications 

described using well-defined laws of physics that themselves offer further infor­
mation about the structure of the polymer in solution and its interaction with the 
solvent. Besides determining the pure viscosity using viscosimetry, it is possible to 
get information about the molar mass of the polymer, its interaction with solvent 
molecules (especially the size of the surrounding solvent envelope and therefore the 
density of the polymer in solution), the rigidity of the chain, the volume require­
ment and the dimensions of the polymer coil (radius of gyration), the critical con­
centration c*, the intermolecular interactions of the polymer coils, and special struc­
ture parameters of a system from comparative measurements. Furthermore, direct 
information about the solution structure can be obtained using an [ r;| -Af-relation­
ship (Kuhn-Mark Hoiiwink-S.ikur.id.i-rel.it ionship). 

For practical reasons, it is especially relevant to be able to determine directly 
the molar mass Af of a polymer from the [ /j|-Af-relationship using only simple vis­
cosimetry. However, often it is enough to be able to perform a single-point mea­
surement with viscosimetry in order to verify the product properties for the daily 
incoming and outgoing goods control. Relevant application areas are listed in 
Table 1.1. 

Since the knowledge about molar mass determination using viscosimetry and 
determination of the coil dimensions is of fundamental importance for technical 
problem solving, these are the main topics of this book. It will give detailed case 
studies and theoretical background about the different independent variables, like 
concentration, molar mass, quality of the solvent, chemical nature of the polymer, 
polyelectrolyte character, composition of copolymers, influence of the substitution 
pattern for renewable raw materials and the degree of branching. 

Before the practical aspects of viscosimetry and the theoretical interpretation of 
the experiments can be discussed, it is necessary to go into detail about the basic 
concepts of viscosimetry. 

http://Hoiiwink-S.ikur.id.i-rel.it


2 Basic Concepts 

2.1 Viscosity 

The viscosity q is defined as the ratio of the shear stress o2, and the shear rate y: 

(2.1) "=7 
The shear stress c,„ as can be seen in Fig. 2.1, is the force F JNJ that is exerted on 
the surface element A (m2) parallel to the direction of the flow: 

F 
0 , , = -

A 
L ' : i (2.2) 

The shear stress has the unit [Pa|, which is the same as for a pressure. In former 
times, the unit [dyn/cm2] was often used: 

1 Pa = 1 N/m2 = 10 dyn/cm2 = 1 kg/(m/s2) (2.3) 

The shear rate f describes how fast the fluid layers move in respect to one another 
in a laminar flow profile. It is described as the ratio of the velocity difference 
An [m/s] of two fluid layers and the distance Ah between them. The unit of the 
shear rate is a reciprocal time and is given as [•"']! 

Av 
(2.4) 

The dynamic viscosity q (see Eq. 2.1) has the unit [Pa s]. An old unit is [P) ("Poise"): 

1 Pas = 0.1 P = 1 N s/m2 = 1 kg/(s m) (2.5) 

v=0 

Fii,, Fig. 2.1. Schematic representation of a flow field between two 
parallel plates.The force f acts on the area A, resulting in the 
shear stress The shear rate is determined by the velocity differ­
ence At» between two fluid layers separated by the distance A/i 
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Table 2.1. Dynamic viscosities for different Quids at 20 °C (Data from 119,113]) 

Substance Dynamic viscosity IJ (mPa s) 

Gas/air 
Pentane 
Acetone 
Benzine 
Water 
Ethanol 
Quicksilver 
Blood plasma 20 °C/37 °C 
Wine/fruit juice 
Milk/cream 
Glycol 
Sulfuric acid 
Sugar syrup (60%) 
Olive oil 
Motor oil 
Gear oil 
Ricinus oil 
Glycerin 
Honey 
Silicon rubber 
Bitumen, tar, pitch 
Glas melt (500 °C) 

0.01-0.02/0.018 
0.23 
0.32 
0.54-0.65 
1.00 
1.2 
1.55 
1.7/1.2 
2-5 
5-10 
20 
25 
57 
-100 
50-1000 
300-800 
1000 
1480 
-10« 
104-10' 
lO'-lO12 

-1015 

Often, the units [mPa s] or [cPj are used for a liquid with low viscosity, since water 
has a viscosity of about 1 mPa s: 

1 mPa s = 1 cP (2.6) 

The broad range of dynamic viscosities of different liquids is shown in Table 2.1. 
The equations shown above are strictly speaking only valid if the flow profile is 

a pure laminar flow. Above a critical shear rate, the flow becomes increasingly tur­
bulent and deviates from laminar flow. This kind of shear flow is not reached in the 
viscosimeter types described below though. 

A different form of viscosity, one that is used widely in viscosimetry, is the kine­
matic viscosity v, which is defined as the ratio of the dynamic viscosity q and the 
density p of the solution (kg/m'): 

t] 
v = 7 <2-7> 

P 
The kinematic viscosity has the unit [mnv/s], older units are Stokes [St] or centiStokes 
[cSt]: 
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1 ram'/i = lcST = 0.01 St (2.8) 

The use of the kinematic viscosity especially in the viscosimetry is widespread, be­
cause many of the types of viscosimeters described in a later chapter determine a 
kinematic viscosity directly, that can be transformed into the dynamic viscosity, if 
the density of the solution is known. However, since the deduction of the follow­
ing units of viscosimetry is done using the dynamic viscosity, the term "viscosity" 
will mean the dynamic viscosity. 

The ratio of the viscosity n of a solution to that of the pure solvent q, is the rel­
ative viscosity and is called q, (instead of /]„,) according to IUPAC (International 
Union of Pure and Applied Chemistry): 

/?, = f (2.9) 

If the viscosity is conceived as the sum of the solvent viscosity q, and a viscosity 
from the dissolved polymer qp, 

n = 1 p + 1 , (2.10) 

then the ratio of the dissolved polymer viscosity qv to the solvent viscosity q, can 
be called the specific viscosity rj,p of the polymer in that solvent: 

qT q-q, 
nv

 = -r = —— = 1-* ( 2 - 1 1 ) 

According to IUPAC, the specific viscosity is a relative viscosity increment q,, but 
this is not common practice in the literature. An overview of the viscosities r/, of 
common solvents can be found in Table 2.2. With that list, the relative or specific 
viscosity can be calculated from the dynamic viscosity of a polymer solution. 

It is important to notice that the listed solvent viscosities are only valid for the 
given temperature. Viscosities for many substances at different temperatures or 
with different solvent systems are listed, e.g. in the "Handbook of Physics and 
Chemistry" [ 13) or in 114]. The often-used dependence of the viscosity of water on 
the temperature is listed in Table 2.3. The viscosity of mixtures of solvents needs a 
special treatment, and the increase in viscosity through intermolecular interactions 
between solvent molecules in multicomponent solvents will be discussed in the 
later chapter "The viscosity of mixtures of solvents". 
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Table 2.2. Dynamic viscosities of solvents at a pressure of 1 bar and for different tempera­

tures 125]. Values in parentheses for higher saturation pressures 

Solvent Dynamic viscosity q (mPa s) 

0°C 20°C 50°C 100°C 

n-Pentane 
Cyclopentane 
n-Hexane 
Cyclohexane 
Heptane 
Octane 
Nonane 
Decane 
Undecane 
Dodecane 
Tetradecane 
Dichloromethane 
Trichloromethane 
Tetrachloromethane 
Benzene 
Toluene 
o-Xylene 
Acetone 
2-Butanone 
2-Pentanone 
Methanol 
Ethanol 
Isopropanol 
Glycol 
Glycerol 
Cyclohexanol 
Cyclohexanone 
Formic acid 
Acetic acid 
Nitric acid 
Sulfuric acid 

0.281 
0.557 
0.397 

-
0.519 
0.703 
0.97 
1.29 
1.71 
2.28 

-
0.536 
0.70 
1.35 
0.91 
0.77 
1.10 
0.390 
0.539 
0.644 
0.81 
1.78 
4.56 
55 
12100 

-
-
-
-
2.28 
48 

0.230 
0.438 
0.310 
0.97 
0.410 
0.538 
0.711 
0.91 
1.17 
1.52 
2.18 
0.434 
0.562 
0.974 
0.650 
0.588 
0.803 
0.316 
0.423 
0.501 
0.588 
1.20 
2.37 
19.9 

1480 
68 
2.18 
1.78 
1.22 
0.88 
25 

(0.177) 
0.324 
0.241 
0.610 
0.303 
0.386 
0.489 
0.602 
0.75 
0.92 
1.25 

-
0.42 
0.654 
0.437 
0.420 
0.556 
0.244 
0.311 
0.366 
0.393 
0.698 
1.03 
6.6 
180 
12.1 
1.29 
1.03 
0.791 
0.61 
8.8 

(0.119) 

-
-
-
(0.198) 
0.245 
0.299 
0.360 
0.435 
0.51 
0.68 

-
-
(0.387) 
(0.261) 
0.272 
0.346 

-
-
0.238 

-
(0.326) 

-
1.99 
14.8 

-
-
0.542 
0.458 

-
-
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Table 2.3. Viscosity of water from 0 °C to 100 °C. Data from [13,251 

Temperature (°C) Dynamic viscosity rj (mPa s) Kinematic viscosity v (mm-/s) 

1.792 
1.520 
1.3073 
1.1393 
1.0038 
0.8929 
0.8010 
0.7236 
0.6582 

0 

5 
10 
15 
20 
25 
30 
35 
40 
50 
60 
70 

M 
90 
100 

1.792 

1.520 

1.3069 

1.1383 

1.0020 

0.8903 

0.7975 

0.7193 

0.6531 

0.5470 

0.4665 

0.4040 

0.3544 

0.3145 

0.2818 

2.2 Molar Mass 

The most important value for characterizing a polymer is its molar mass. Because 
of the very small mass miat[ of a polymer coil, it is standard practice to use the mass 
of 6.023x10" particles. This amount is called a mol and is denoted with the 
Avogadro constant NA.The mass of one mol molecules has the symbol M and the 
unit [gmol-1]: 

M = mcoilNA (2.12) 

For polymers, the degree of polymerization P is often used instead of the molar 
mass M. The degree of polymerization describes how many monomer units make 
up a polymer molecule. The molar mass M can be calculated from the degree of 
polymerization, if the molar mass of a monomer unit in the chain Afu is known: 

M = M U P (2.13) 

The molar mass of a monomer unit Mu can be calculated through simple addition 
of the (known) molar masses of the atoms that make up the monomer unit. It is 
important to notice that for example for polymers from polycondensation reac­
tions the molar mass of a monomer unit M„ in the polymer chain is not equal to 
the molar mass of a monomer unit before the polymerization! 

In most cases, not all polymer molecules have the same molar mass or degree 
of polymerization in a polymer sample. To describe exactly the polymer sample, it 
would be necessary to determine the fraction w(M) of each molar mass M in the 
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Fig. 2.2. Schematic molar mass distribution with number 
average molar mass M„, mass average molar mass M_. 
centrifuge average molar mass M. and viscosity-average 

-&• molar mass M 

molar mass M 

sample as shown in Fig. 2.2. This exact determination of the molar mass distribu­
tion is a considerably more elaborate effort, so that almost solely the mean values 
of the molar mass of a polymer are given. 

For the mean values, the following different cases are listed below: 
The number average molar mass Af „ is the mean value of the molar mass that 

can be calculated from the ratio of the sum of the mass of all molecules and the 
number of all molecules: 

Z n, • Af, „ 
M n = — = Zx,-M, 

1 n 
(2.14) 

The mass average Afw of the molar mass can be determined, if the fractions of the 
mass 

m, = n, • Af, 

of the single molecules are averaged over the total mass: 

Z m, • Af, 
Afw Z m, 

IwrM{ 

(2.15) 

(2.16) 

Since the higher molar masses in a sample are weighted higher for the mass aver­
age molar mass, it has generally a higher value than the number average molar 
mass (see Fig. 2.2). 

A less used mean value is the centrifugal average molar mass M . It shows even 
higher values than the mass average molar mass: 

Af,= 
Z m, • Af/ 

Z m, • Af, 
(2.17) 

With viscosimetry, a viscosity average molar mass is determined. As can be seen in 
Fig. 2.2, it lies between Af „ and Afw. Its definition and determination is described in 
detail in a later chapter "The viscosity average of the molar mass". 

The determination of a mean value of a molar mass does not give any informa­
tion about the form and breadth of the distribution of the molar mass. To get some 
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information about the molar mass distribution, the ratio of M„ and M„ can be cal­
culated: 

The ratio Q is called the polydispersity of a polymer sample, sometimes given as 
the inhomogeneity U of a sample: 

U=Q-l (2.19) 

A polydispersity of Q= 1 indicates a sample with no distribution and a single mo­
lar mass. The bigger Q gets, the broader the distribution becomes. 





3 Execution of Viscosity Measurements 

3.1 Introduction 

The practical execution of viscosity measurements requires the use of good labo­
ratory practice even if the experiments are relatively easy to do. Besides the basic 
safety regulations for the use of chemicals and liquids, a tidy sample preparation 
and a precise execution of the experiment is the prerequisite for the determination 
of the exact viscosimetry parameters of a polymer solution. 

The choice of the viscosimeter depends on the kind of polymer, solvent and the 
kind of assignment. The next section "Types of viscosimeters" is therefore dedi­
cated to the detailed description of established viscosimeter types and measure­
ment techniques, the measurement ranges and limits and also the effort that is as­
sociated with each. From high-precision standard measurement systems according 
to DIN or ISO standards to very simple systems like the flow cup or the Brookfield 
viscosimeter, the following section describes in detail the exact steps to take for the 
determination of a viscosity like sample preparation, cleaning of the viscosimeter, 
execution of the experiment and the subsequent analysis of the experimental data. 
An extra section is devoted to the viscosimetry of surface-active substances, which 
can lead to foam formation in a sample. Another important point is the so-called 
aging of polymers that can lead to changing viscous properties within a sample af­
ter only a couple of days of storage. Below, the phenomenon of aging and its effects 
on the execution of the experiment is discussed in detail. 

3.2 Types of Viscosimeters 

There are roughly three classes of viscosimeters available: the capillary vis­
cosimeter, the rotational viscosimeter, and the falling-ball viscosimeter. Both the 
capillary and the rotational viscosimeters are built in different versions that allow 
for the exact determination of the viscosity in well-defined flow fields. Especially 
rotational viscosimeters allow the exact adjustment of a constant flow profile, thus 
are available in high precision and expensive versions as rotational rheometers. 
Capillary viscosimeters are the best compromise between the exact determination 
of viscosity and a well-priced measurement device, and are therefore the most com­
monly found type of viscosimeters. Both rotational and capillary viscosimeters are 
available in simple and inexpensive versions as Brookfield viscosimeters and flow 
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cups. These instruments do not have a defined flow profile and cannot be used to 
determine an exact viscosity, but are widely used in quality control and manage­
ment. Falling-ball viscosimeters are also relatively simple measurement devices 
with an undefined flow profile, but allow for a determination of the viscosity after 
a calibration with standard fluids. 

3.2.1 Capillary Vlscosimeter 

Capillary viscosimeters belong to the type of effluent viscosimeters. They are the 
most commonly used viscosimeters for the determination of the intrinsic viscosity. 

Different capillary viscosimeters are shown in Fig. 3.1. The flow of the examined 
liquid sample is achieved through gravity. The sample flows under its own weight 
through a known capillary length I with a defined radius R. The running times of 
a known sample volume between two measurement points (M, and M,) are mea­
sured. With the help of these running times, the kinematic viscosity can be calcu­
lated. In contrast to other types of viscosimeters, the temperature in capillary vis­
cosimeters can be well regulated, because the entire closed capillary can be 
immersed in a water bath. For the Ostwald viscosimeter shown in Fig. 3.1a it is im­
portant that an exact amount of the sample is filled into the device, since the hy-

Flg. 3.1 * d Different types of capillary viscosimeters: 
a Ostwald viscosimeter; b Ubbelohde vlscosimeter. 
c Cannon-Fenske viscosimeter; d multi-level viscosime­
ter for different average heights h and different average 
shear rates in one experiment 
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drostatic pressure depends on the filling level. When different filling levels are used, 
different running times are measured for the same sample. 

Ubbelohde viscosimeters build according to ISO 3105 or DIN 51562, as shown in 
Fig. 3.1b have the advantage that the hanging level of the capillary accounts for the 
same mean height h of the outgoing liquid and therefore for the hydrostatic pressure. 

The Cannon-Fenske viscosimeter build according to DIN 51336 (Fig. 3.1c) can 
be used to measure non-transparent liquids that leave a film on the glass in the area 
of the measurement points and therefore do not allow for exact time taking. A spe­
cialty is the multi-level Ubbelohde viscosimeter shown in Fig. 3.Id, which can be 
used to investigate the dependence of the viscosity on the shear rate. Because of the 
various heights of the fluid levels, different pressures and therefore different shear 
rates affect the liquid. Thus it can be determined if the measured viscosities are in­
dependent of the shear stress or the shear rate. 

Besides these viscosimeters, several other special-purpose designs have been de­
veloped (Micro Ubbelohde viscosimeter DIN 51562; Cannon-Ubbelohde semi mi­
cro viscosimeter ISO 3105; BS/IP/U-tube viscosimeter DIN 51372; BS/IP/SL vis­
cosimeter ISO 3105; Vogel-Ossag DIN 51561). Those are tailored to specific needs 
and are not further discussed at this point. 

The Hagen-Poiseuille Law describes the capillary flow for Newtonian fluids: 

V n-R*-Ap 
(3.1) t S-q-l 

with 
Ap = p-g-h (3.2) 

The volume Vthat flows through the capillary per time unit t is determined by con­
stant geometry factors, like the radius R and the length I of the capillary, the mean 
filling height h, and the variable quantities of the liquid, the viscosity r/, and the 
density p. By applying external pressure, it is possible to vary the pressure term in 
the Hagen-Poiseuille Law. With these capillary viscosimeters build according to 
DIN 53014, it is possible to set up different shear viscosities. With the so-called 
high-pressure capillary viscosimeters, shear rates of up to 106 s"1 can be reached. 
The velocity profile in the capillary is shown in Fig. 3.2. 

At the capillary wall, the shear stress olx and the shear rate y are at a maximum, 
whereas the flow velocity is zero. The flow velocity has its maximum in the middle, 
where the shear stress and the shear rate are zero. The quantities are functions of the 
radius R, therefore only the maximum values at the wall of the capillary are given, 
since they are necessary for the exact determination of the intrinsic viscosity: 

Ap-R 
°21,ma«= „ , (3.3) 

2-/ 

4-V 

^ = ^ T 7 (3-4) 



16 3 Execution of Viscosity Measurements 
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o„«. w = 0 

Fig. 3.2. Velocity profile in a capillary viscosimeter. The fluid 
velocity v has a parabolic profile with a maximum in the middle 
of the capillary: the shear rate y and the shear stress r have a 
maximum at the capillary wall and are zero in the middle of the 
capillary 

Even under normal ambient pressure relatively high shear rates occur at the wall 
of capillary viscosimeters (especially for small capillary diameters and low viscosity 
liquids), that can lead to a falsification of the results for so-called non-Newtonian 
liquids (see later in this monograph). In Tables 3.1 and 3.2 the maximum occurring 
shear rates for the admissible minimal running times r,,,,,, of the capillary are 
given for the standard Ubbelohde capillary viscosimeter (ISO 3105) and the Micro 
Ubbelohde capillary viscosimeter (DIN 51562). 

For polymer solutions that are in the non-Newtonian flow region for the shear 
rate range of the capillary, the shear rate calculated with Eq. (3.4) has to be cor­
rected. The true shear rate at the capillary wall can be determined using the Weis-
senberg-Rabinowitsch equation [15): 

"max. corr r max 3 + 

Ifcg 
din ou 

(3.5) 

Table 3.1. Parameters for Ubbelohde Capillary Viscosimeters (ISO 3103 and DIN 51562) 
with Ref. numbers 501.., 530.., 532.., capillary number (No.), capillary diameter (D), capillary 
constant (A.'), minimum measurable flow time ((„,,„), maximum shear rate at minimum flow 
time ((',„„,) and kinematic viscosity range (v) 

Ref. No. 

...00 

...03 

...01 

...10 

...13 

...11 

...20 

...23 

...21 

...30 

...33 

...31 

...40 

...43 

...41 

...50 

No. 

0 
0c 
0a 
I 
Ic 
la 
II 
He 
l l . i 

III 
IIIc 
Ilia 
IV 
IVc 
IVa 
V 

D/(mm) 

0.36 
0.46 
0.53 
0.63 
0.84 
0.95 
1.13 
1.50 
1.69 
2.01 
2.65 
3.00 
3.60 
4.70 
5.34 
6.40 

I 

0.001 
0.003 
0.005 
0.01 
0.03 
0.05 
0.1 
0.3 
0.5 
1 
3 
5 
10 

M 
50 
100 

trnJi*) 

300 
160 
120 
90 
50 
40 
40 
40 
40 
40 
40 
40 

40 
40 
40 
40 

tH*1) 

4290 
3790 
3306 
2613 
1983 
1711 
1008 
430 
300 
179 
78 
54 
31 
14 
9 
5 

v / l n n ' f i ) 

0.2-1.2 
0.5-3 
0.8-5 
1.2-10 
3-30 
5-50 
10-100 
30-300 
50-500 
100-1000 
300-3000 
500-5000 
1000-10,000 
3000-30,000 
5000-50,000 
10,000-100,000 
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Table 3.2. Parameters for Micro-Ubbelohde Capillary Viscosimeters (DIN 51562) with 
Ref. numbers 536.., 537.., 538..,capillary number (No.), capillary diameter (D), capillary con­
stant (K), minimum measurable flow time (»„„„), maximum shear rate at minimum flow time 
(rm»i) and kinematic viscosity range (v) 

Ref. No. 

...10 

...13 

...20 

...23 

...30 

Nu. 

1 
Ic 
II 
Ik 
III 

D/(mm) 

0.40 
0.53 
0.70 
0.95 
1.26 

K 

0.01 
0.03 
0.1 
1).3 
1 

WW 

M 
JO 
M 

n 
30 

y/d1) 

4085 
1756 
762 
304 
130 

v/(mm2/s) 

0.4-6 
1.2-18 
4-60 
12-180 
40-800 

However, in viscosimetry using a capillary viscosimeter normally the viscosity is 
not calculated from the maximum shear rate and the shear stress but rather from 
the Hagen-Poiseuille-Law (Eq. 3.1). 

Since the laminar capillary flow takes time to develop, an inlet length can be 
defined, wherein the layers close to the wall are decelerated and the layers close to 
the axis are accelerated. From this stems a correction term from Hagenbach for 
the Hagen-Poiseuille-Law, that is especially relevant for short measuring times. 
Another correction has to be made for the increased friction in the inlet length 
that leads to an increased pressure drop. This error can be corrected according to 
Couette through an apparent extension of the capillary. These two terms are com­
bined into the Hagenbach-Couette correction term, which is added to the equation 
for the viscosity: 

n• R4 • Ap • I m • p-V 
n = — (3-6) 

8 V - / B n l l 

The correction factor m can be determined by comparing measurements of capil­
laries with the same diameter but different lengths. Generally, the Hagenbach-
Couette correction term comes in a table together with commercially available cap­
illaries. 

3.2.1.1 Flow Cups 
The flow cup is a relative-capillary viscosimeter. The outlet nozzle is a very short 
capillary, and the propulsive force is the hydrostatic pressure of the liquid, which 
during the tests flows under its own weight from the central outlet nozzle on 
the bottom of the cup. The flow cup has a deflned geometry with a given volume 
for the sample liquid. For the measurement, the nozzle is closed, the cup is filled 
with the sample liquid and then the time is measured that the liquid takes to com­
pletely drain out of the cup. From that efflux time, the kinematic viscosity v is 
calculated. Up to this day many different flow cups are used around the world 
(see Fig. 3.3). 
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ISO 2431 DIN 53211 Ford 

Zahn Linjl.-r Shell Fig. 3.3. Several designs for flow cups 119| 

For efficient viscosimetric measurements, only ISO cups (ISO 2431) should be 
used. The length of the capillary is 20 mm. The shear rates lie—for efflux times 
f=30-100 s—between y=60 and 1500 s '. They depend on the capillary radius R, 
which can be varied through interchangeable outlet nozzles. The calculation of the 
mean shear rate is made using the Hagen-Poiseuille-Law: 

\ f-rr-rW 
(3.7) 

The shear rate changes in a certain range with the decreasing liquid volume dur­
ing the experiment. Note that only in case of a Newtonian flow process a calcula­
tion makes sense. 

For all flow cups there are equations—mostly empirical and therefore compli­
cated—for the calculation of the kinematic viscosity v from the efflux lime t. For 
ISO Cups the following equations are given: 

3-mm nozzle: v = 0,443 X l - (200/f); 

4-mm nozzle: v= 1,37 x t - (200/»); 

5-mm nozzle: v = 3,28 x i - (200/f); 

6-mm nozzle: v = 6,90 x t - (200/f); 

In former times many different cups have been used: AFNOR (previously: Coups 
Nil. France), BS cup (British Standards), DIN (since 1941; DIN 53 211, replaced in 
1996 with DIN-EN-ISO 2431), Engler (since 1884; for mineral oils, DIN 51560), Ford 
(ASTM D1200), Shell (ASTM D4212), Zahn (ASTM D4212) and for mineral oil, 
liquid bitumen or tar: Redwood (IP 70/57) and Saybolt Universal/Saybolt Furol 
(ASTM D88, D244, D2I6I, EI02). The different cup types differ in the capillary 
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diameter and the different angles within the cup itself. Because of the different cups 
different units are used: Degree Engler (°£), Redwood-1-Seconds (RIS), Saybolt/ 
Universal-Seconds (SUS) or Saybolt/Furl-Seconds {SFS) [16]. 

The test with the flow cup is a one-point measurement and only gives a viscos­
ity value that is determined under the given measurement conditions. In the short 
capillary, no stationary laminar flow profile can be build up, since the inlet and ac­
celeration part is often greater than the viscous part. Because of the undefined flow 
form in the short capillary, further parameters cannot be determined. Even though 
flow cups are still a widely used method for the determination of a characteristic 
efflux time for example for coating compounds. 

3.2.2 Rotational Viscosimeter 

According to DIN 53018, simple rotational viscosimeter have a coaxial cylinder sys­
tem with a cup (inner radius R,) and a cylinder with an outer radius R, and a length 
h, that is lowered into the cup. For the Couette system, the outer cup is moved and 
the measurement of the torque T takes place at the inner cylinder. For the Searle 
system on the other hand, the inner cylinder is moved. 

For the Couette type, the radius dependent speed of rotation o> is zero for the 
case of r=R, and at the maximum of the outer cup for the case of r=R,. The shear 
stress o21 is nearly constant for a narrow gap: 

a2l = (3.8) 
' 2n-RrR,-h 

This is in contrast to the capillary viscosimeter, where the shear stress always in­
creases over the radius from zero to the maximum. The constant shear rate and 
therefore the viscosity can be calculated: 

2 • Rt • R . 
(3.9) JS-H 

(Ki-R?) 
4n-h-Rl-R* 

T 

<o 
1 = -. , , , . , — (3.10) 

Since the front surfaces of the cylinder also have an influence on the torque, it is 
necessary to have a correction of the end effects. The end effects are perceptible in 
an apparent increase of the cylinder length h.The correction term Ail is determined 
by measuring with different depths of immersion, and then plotting the measured 
torques 7* against the depth of immersion. From the equation 

T-^TRT^-^^ (3-U) 
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A/i is the negatives-axis intersection. This is independent of the viscosity /j, i.e., all 
straight lines for all different viscosities intersect at the point T=0 and /t=-A/i. This 
is only true for Newtonian fluids or in the case of a Non-Newtonian fluid if the re­
gion of the zero shear viscosity is not left in any measurement. Since the shear rate 
is not constant over the gap, another correction for non-Newtonian fluids, similar 
to the Weissenberg-Rabinowitsch correction (Eq. 3.5), is necessary: 

Y Ymtuurtd ' 
-m 
-© 

(3.12) 

5 is the slope of the double logarithmic scale of y over o^: 

dlogy 
s = 

d log CT21 

(3.13) 

The correction term has to be calculated for each shear stress value and used to 
correct the shear rate. If s is very small, it is negligible. 

Because of centrifugal forces in the Searle System, crosscurrents can arise, that 
are called Taylor vortices. Couette Systems on the other hand have the disadvantage 
that temperature control of the rotating outer cylinder is achieved only with com­
plicated equipment. Most rotational viscosimeters are therefore built in the Searle 
Type. 

The option of shear rate control in rotational viscosimeters makes it possible to 
detect shear rate dependent flow phenomena. Variants with high-precision motors 
and torque sensors are called rheometers and are used in research projects above 
and beyond the viscosimetry (see also [15, 17, 18]). In these instruments, other 
measurement systems besides the cylinder geometries are used, that are described 
in the following chapters. 

3.2.2.1 Coaxial Cylinder 
For the rotational cylinder, viscosimeter shown in Fig. 3.4 the geometry parame­
ters are given in ISO 3219. In order to narrow down the slit width to achieve a linear 
distribution of the stresses and shear rate, the maximum admissible radius ratio 6a 

is given in the ISO norm: 

6ri = R./R,< 1,2 (3.14) 

For standard systems 6CC= 1.0847 should be the norm. In addition, h/Ri=3, h'IR,= l, 
h"IR,=0,3 (with the radius Rs of the measurement body) and a=120°+l°. The size 
of h, h', W and Rs are all relative to R,. 

The mean shear stress o2,=(o,+o,)l2, with at at the measurement body surface 
and a, at the measurement cup surface, is in the ISO measurement system: 
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Fig. 3.4. Concentric cylinders according to ISO 3219 

M 
<h\ 

U + 6J) 
2-6J ln-h-R>-cL 

(3.15) 

The resistance coefficient cL=1.10 describes the front surface correction. A greater 
measurement body radius increases the measurement sensitivity. 

For all ISO cylinder measurement systems applies [19]: 

0.0446 • M 
On = -

« i 3 
(3.16) 

The average shear rate in a cylinder system y=(yj+y,,)/2, with y, at the measure­
ment body surface and )., at the measurement cup surface, is for ISO measurement 
systems: 

y = —— . CO 

(4J-D 
(3.17) 

For all ISO cylinder measurement systems applies: y = 1.291 x n (n is the rotational 
frequency). The shear rate in an ISO cylinder is not constant at every position in 
the measurement slit. Between the two measurement surfaces, the total difference 
of the shear rates even in a narrow ISO system is about 16%. 

The viscosity in an ISO cylinder system is given as 

1 = 
0.0446 • Af 

R? • 1,291 • n 
(3.18) 

3.2.2.2 Cone and Plate Systems 
Cone and plate systems (Fig. 3.5) allow the build up of a defined constant shear field 
with only a very small amount of polymer liquid. Because they require high preci­
sion motor drives and sensors and because of the high error when wrong distance 
alignments are used, cone and plate systems are mostly found in expensive rheome-
ters that are capable of more sophisticated kinds of stress fields than the pure shear 
flow. Nevertheless, they can be used for pure viscosity measurements. 
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Fig. 3.5. Cone and plate fixture. The tip of the cone is flattened 
(-SO um) to avoid additional friction 

The cone and plate system according to DIN 53018 and ISO 3219 |27] has a 
measurement body with a cone like surface and a flat plate. The geometrical mea­
sures of the cone are defined by the cone radius A' and the cone angle a. The ISO 
norm recommends a=\° and excludes cone angles of a>4°. In order to avoid any 
errors due to direct contact of the cone with the plate, the tip of the cone is taken 
off for several micrometers. Particles of a size that can cause them to be stuck in the 
slit between the cone and the plate have to be removed before the measurement. If 
this is not possible, the parallel disc system has to be used instead. 

The (constant) shear stress in a cone and plate system depends on the cone ra­
dius R and is given as 

*mJZ* (3,9) 

A greater cone radius increases the measurement sensitivity for smaller tor­
ques or shear stresses. The shear rate is independent of the position in the measur­
ing slit: 

to 
Y = (3.20) 

tan a 

The simplified equation presumes that at small angles a tana is equal to a. As men­
tioned above, a=\" is preferred. The viscosity is given as 

3 -M-a 

2n- R • to 

3.2.2.3 Parallel Discs 
Parallel disc systems have the advantage that even solutions with larger particles 
or highly viscous or elastic liquids can be measured, since the liquid is, unlike the 
cone and plate system, not squeezed in a narrow slit. Like the cone and plate sys­
tem, it is mostly used in expensive rheometer systems, but can also be used for 
viscosimetry measurements. A disadvantage in comparison with the cone and plate 
system is that no constant shear rate is build up over the radius of the plate. Espe­
cially with high molecular samples, there is a chance of determining the wrong vis­
cosity values (see also later in this monograph Chapter 5.4 "Shear rate"). 
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^ 

J 

<c * > 
Fig. 3.6. Parallel disc fixture 

The geometry of the measuring plate is determined through the plate radius R 
(Fig. 3.6) and the distance h. According to DIN 53018, the plate distance h should 
be very small compared to the radius R. In a parallel disc system, the shear stress 
is also only dependent on the radius: 

The shear rate is given as: 

2-M 

V R 5 

a)- R 

(3.22) 

(3.23) 

Other than in a cone and plate system, it is not constant over the radius! The mean 
viscosity is calculated from: 

2-M-h 

ji-RA-a> 
(3.24) 

3.2.2.4 Mooney/Ewart System 
The Mooney/Ewart system (Fig. 3.7) is a combined cylinder/cone and plate geom­
etry, wherein the same shear rate or shear stress can be set up over the whole mea­
suring slit (cylinder and cone and plate). 

Fig. 3.7. Mooney-E wart fixture. Combination of a cone and plate and 
a concentric cylinder fixture 
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Fig. 3.8. Double gap fixture for tow viscous fluids 

Since the surface for the power transmission is big compared to that of the plain 
cone/plate system, the Mooney/Ewart system is suitable for low viscous liquids. The 
advantage in comparison to normal cylinder geometries is the avoidance of edge 
effects at the lower cylinder wall for the smaller sample volume. The Mooney/Ewart 
system requires a high precision setting of the vertical distance, and is therefore as 
the cone and plate system mostly used in rheometer systems. 

3.2.2.5 Double Gap Systems 
For very low viscous liquids, the double gap geometry (DIN 54453) is used 
(Fig. 3.8). The shear area is doubled in comparison to the plain cylinder geometry, 
since both gaps are filled with the liquid. The inner cylinder should also be tem­
perature controlled to avoid a temperature gradient in the liquid. According to DIN 
54453, a radius ratio of 1.15 should not be exceeded: 

R1 = R1 

«3 R, 
< 1.15 (3.25) 

3.2.2.6 Zimm-Crothers Viscosimeter 
The Zimm-Crothers viscosimeter is a special rotational viscosimeter that 
works with extremely low shear rates [20]. For this reason, the Zimm-Crothers 
viscosimeter is particularly suitable for solutions of polymers with very high 
molar masses. The range of molar masses that can be detected reaches from 105 

to approx. 108 g mol '. A rotating magnetic field induces a torque in a magnetis-
able rotor that floats in the sample solutions carried by the surface tension. 
Using a ferromagnetic material for the rotor and avoiding turbulent flow fields, 
the induced torque depends only on the geometry parameters of the rotor and 
its remanence characteristics but not on the rotational speed of the magnetic 
field. 

The shear stress acting on the sample is 

8 • 7T • a> • r,2 • r2
2 

(r, + r2)2-(r2-r,)J In-^- (3.26) 
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where co is the rotational speed of the rotor, which is determined by a marker on 
the rotor that crosses a light barrier with each rotation. The photo sensor is placed 
outside of the rotor for older types of Zimm-Crothers viscosimeters in contrast to 
Fig. 3.9. Zimm-Crothers viscosimeters can measure at shear stresses down to 
02,=10-4 Pa and shear rates of 0.2 s~' [21 ]. With these values, the intrinsic viscosi­
ties for all dilute polymer solutions can be determined in the zero shear viscosity 
range. If only the relative viscosity is of interest, the determination of the rotational 
time of the rotor is sufficient: 

'solvent 

One disadvantage of this method is that it is not possible to measure surface-active 
solutions, since the self-centering of the rotor depends on the surface tension of the 
sample. Another disadvantage is that different types of rotors for different solution 
densities have to be used. 

3.2.2.7 Brookfield Viscosimeter 
Brookfield viscosimeters also belong to the group of rotational viscosimeters. In 
contrast to the devices described earlier, this viscosimeter does not generate a 
defined shear field. The Brookfield viscosimeter consists mainly of a disc or a pin 
that is rotating with a defined velocity in the sample fluid. The torque that is re­
quired to achieve this rotational speed directly yields a viscosity through compar­
ison with a calibration fluid. The range of measurable viscosities can be adjusted 
by variation of the disc geometry. 

Because of the lack of a defined shear field, there is no correlation between ro­
tational speed and shear rate possible. Hence, a determination of the influence of 
the shear rate on the viscosity is not possible. 

H20 

2D 

Fig. 3.9 »-f. Zimm-Crothers viscosimeter for low 
shear rates and strongly shear thinning fluids: a test 
fluid; b stator with temperature control liquid; c rotor; 
d rotating magnet; • photo diode; f light source ^05 
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Nevertheless, Brookfield viscosimeters are the widely used devices for quality 
management; they are a fast and cheap alternative for conducting one-point mea­
surements. In addition to this, many companies use special stirring systems that are 
custom tailored for a specific application. However, for the determination of the in­
trinsic viscosity or an exact viscosity devices like the Brookfield viscosimeter are 
not appropriate. 

3.2.3 Falling Sphere Viscosimeters 

3.2.3.1 The Free Falling Sphere 
A falling sphere viscosimeter (Fig. 3.10) consists of a tube with the radius R, which 
is filled with the sample solution. In this tube, a sphere with the radius r is falling 
through the sample fluid. After a short period of acceleration, the velocity reaches 
a constant value, which results from the equilibrium between frictionaJ resistance 
and gravity. The time f is measured that the sphere needs to cover the distance I be­
tween two marks Af, and Af2. 

The calculation of the viscosity is based on Stokes' Law, which is effective for in­
finitely expanded fluids: 

2 • g • r2 • Ap • f 
1 = ^ L

J 7 l (3.28) 

Infinitely expanded means for practical use that K • • Kir. Ap is the difference be­
tween the density of the sphere and the fluid. Thus the viscosity n is a function of 
the falling time t. For a ratio of radii of r/R=0.1, the equation has to be corrected 
according to Schurz [22]: 

Itorr = 1 - Kf) (3.29) 

It is important that the sphere velocity does not increase too much, so that inertia 
effects can be neglected. The Reynolds number Re 

Re = 
r-p-v 

(3.30) 

V 

w 

T-M, 

-M 

ft 
2R 

Fifl. 3.10. Falling sphere viscosimeter 
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has to be smaller than 0.3. In this equation, v is the velocity of flow. For Re between 
0.3 and 1 a correction term has to be added according to Oseen [22]: 

1™,r = (3.31) 
' 1+0,188 Re 

The advantage of this type of viscosimeter is an easy temperature control. The 
disadvantages of this method are the growing influence of wall effects with the 
declining ratio of r/R, short measuring times in low viscous fluids and irregular ve­
locities in inhomogeneous and high viscous fluids. 

3.2.3.2 The Hoppler Viscosimeter 
A special form of the falling sphere viscosimeter is the Hoppler viscosimeter 
(Fig. 3.11), which works with a sphere with a diameter very close to the diameter 
of the sloped tube. 

The determination of the viscosity with this device is done according to DIN 
53015. The relative flow around the sphere is similar to the flow through a gap. 
In the Hoppler viscosimeter, the slope of the falling tube is 10° and its diameter 
is 16 mm. In this case, a sphere with a diameter of approx. 15 mm is used to 
achieve a sliding state. Evaluation of the state of flow is very difficult and in some 
cases impossible. For this reason, a calibration of the device with a calibration fluid 
is very important. With these calibration measurements, a constant K can be ob­
tained: 

n = K • Ap • t (3.32) 

The influence of the Reynolds number Re is negligible, because in contrast to a 
free failing sphere, the flow profile is dominated by the wall effects. The diame­
ter of the sphere should not be too small. If the gap between the tube and 
the sphere gets smaller than 0.1 mm, the effects of roughness of the tube and 
sphere gain too much influence on the results. An evaluation of the shear rate 
is not possible, so that an application of this type of viscosimeter for fluids with 
a strong non-Newtonian flow behavior is not advisable. An attempt to empiri­
cally determine the shear rate in a micro falling sphere viscosimeter is described 
in [23]. 
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3.2.3.3 The Viscobalance 
The principle of the viscobalance as a "pulling sphere viscosimeter" is related to the 
falling sphere viscosimeter. However, in this case the sphere is attached to the vis­
cobalance and pulled through the sample fluid in a calibrated tube. The traction is 
usually measured by different weights that are applied on the other side of the arm 
of the balance. A determination of the viscosity n via the time ( needed for the 
movement of the sphere along a defined distance has to be done via the following 
equation: 

q = FGt (3.33) 

with F the so-called sphere factor for a given sphere and G the applied force. 
If F is unknown, the sphere factor has to be determined as described for the 

floppier viscosimeter via calibration measurements. An exact evaluation of the 
state of flow is not possible. When a doubling of the traction does not lead to 
half the measuring time, it is very likely that the sample shows a non-Newtonian 
flow behavior, since the product of force and time should be constant for a 
Newtonian fluid. Advantages of the viscobalance are the great measuring range 
and the possibility to examine nontransparent and high viscous fluids of unknown 
density. 

3.3 Experimental Proceedings for a Viscosimetric Measurement 

The most commonly used type of viscosimeter for the determination of the in­
trinsic viscosity or for single point measurements is the capillary viscosimeter. As 
the reproducibility with this type of viscosimeter depends on the clean execution 
of the measurement, a detailed description of the proceedings for a viscosimetric 
measurement is given below. 

3.3.1 Sample Preparation 

For viscosimetric measurements to have a good reproducibility, a clean prepara­
tion of the sample is very important (Fig. 3.12). The preparation must be identical 
for every polymer solution that has to be measured, so that a reliable comparison 
of the measurements is assured. 

For an exact initial mass of the polymer, the net amount of polymer in the sam­
ple has to be determined. For hygroscopic polymers (like the water-soluble poly­
mer PAAm), the dry content of the polymer has to be known. The dry content of 
the polymer can be determined via thermogravimetric methods or lyophilization. 
In addition to this, the salt content of the polymer (for commercial ionic polymers 
up to 30%) or the content of other foreign matter has to be determined, for exam­
ple via reprecipitation or washing of the sample. When this is done, it is advisable 
to define a standard unit for the concentration. Since the unit for the intrinsic vis-
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Polymer sample 

determination of 
water/solvent 
content via freeze 
drying/ 
thermogravimetry 

determination of 
salt content via 
elutrlation/drying 

determination of 
impurity content 
via reprecipitation/ 
drying 

preparation of stock solution with a known 
content of polymer in the solvent 

I 
enough time for dissolution 
(with slight agitation, if 
necessary heating) 

separation of dust/ 
impurities via filtration 

separation of "fish eyes" 
(gel like, not soluble 
crossHnked components 
of polymer) via filtration 

dilution with pure 
(filtered) solvent 

4 
5-8 diluted samples (for viscosimetry) with running 
times 1.2-2.5 of the pure solvent 

Rg. 3.12. Flowchart of the sample preparation for viscosimetric measurements 

cosity itself is stated as [ml g"' 1 (or [cm3 g"' |), it is advisable to define the initial con­
centration standard as [g nil ] or [gem ']. It should also be kept in mind that for 
solvents other than water the solvent density cannot be assumed ~ 1 g ml"'. In these 
cases, the unit [g nil ' ] should not be referred to as a mass concentration. 

For polyelectrolytes a dilute salt solution is recommended as a solvent (for ex­
ample a 0.1 mol/1 NaNO, solution) in order to eliminate polyelectrolyte effects. In 
addition to this, a disinfectant should be added (for example 200 ppm NaN,) 
against bacterial contamination of aqueous polymer solutions. 

When the stock solution is prepared (the stock solution should not exceed the 
running time of the solvent by a maximum factor of 2.5, this is to be determined 
empirically), a suitable dilution series can be made. For best results, there should 
be at least seven (better ten) different concentrations measured for a single poly­
mer, to minimize the error of the following linear regression. Even the solution with 
the lowest concentration should give results that can be evaluated. As a guideline 
the relative viscosity should not fall below n,= 1.2 for the lowest concentrated so­
lution. To achieve a good homogeneity in the solution, the dissolution process 
should last for at least a few hours (the use of a shaker table is recommended). An-
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other way to shorten the time for dissolving the polymer is to work at a higher tem­
perature, but it has to be made sure that the higher temperature does induce any 
degradation or chemical reaction on the polymer. 

Right before the viscosimetric measurement the sample should be filtered to 
avoid a pollution of the viscosimeter with dirt particles. Solutions with a low vis­
cosity should be filtered with a glass filter of a porosity of 2-4 (equals a pore di­
ameter of approx. 10-100 urn); higher viscous solutions should be filtrated with fil­
ters of mesh size -0,3 mm (see DIN 4188). 

In addition to impurities like dust particles, so-called "fisheyes", that are typi­
cal especially for commercial products, have to be separated from the solution. 
These "fisheyes" are due to non-homogenously dissolved, partially crosslinked 
polymers that appear at synthesis conditions for high molar masses where an ad­
ditional initiation of the reaction becomes necessary [24]. In addition to this, so-
called "hot spots", which can appear in a polymerization reactor, also lead to poly­
mers that show insoluble fractions. The simplest reason for these "fisheyes" though 
is that the solution itself is not yet homogenously dissolved. In this case, a longer 
dissolution time is advised. 

These general difficulties arising during sample preparation are shown in 
Fig. 3.13 for a concrete example. The polymer carboxymcthyl cellulose (CMC), dis­
solved in 0.1 mol/l NaNOj, shows the previously described "fisheyes", that are in­
soluble even after a long period of time. Separation of these gel particles via filtra­
tion or centrifugation leads, in dependence of the separation conditions, to very 
different results. This is shown in Fig. 3.13 for a plot of the reduced viscosity vs the 
concentration in order to determine the intrinsic viscosity. The gel particles show 
very different sizes; very small ones can pass the pores of a filter and lead to a strong 
increase in viscosity, while big particles are able to absorb temporarily the higher 
molecular section of a polymer and thus hold them back in the filter residue. 

The pore size itself does not provide enough information on how the viscous 
properties of a solution vary with filtration. For example the results of the viscosi­
metric measurements after filtration with a nylon net filter with 11 urn pore size 
lie above these for filtration with a glass filter with a pore size of 100-160 um. In 
addition to this, absorption on the filter material or a degradation of the polymer 
in elongational flow fields in the filter pores influence the actual molar mass that 
passes through the filter. There is no universal rule for the right way of filtration de­
pending on what polymer system is used; this has to be determined via compar­
ing measurements. 

If the solutions have to be stored over longer periods of time, it has to be kept 
in mind that some polymers are likely to show aging effects (see section "Aging and 
criteria of stability" below). 

3.3.1.1 Cleaning of a Viscosimeter 
For the execution of exact viscosimetric measurements with good reproducibility, 
a clean viscosimeter is of crucial importance. Even the smallest dust particles on a 
microscopic scale lead to a deviation of the running times of several percent. The 
dust particles that adhere to the wall of the capillary lead to a longer running time, 
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carboxymethyl cellulose (DS -0.7) in 0.1 M NaNO,, 
with 200 ppm NaN3. T= 25.0 "C 

A centrifugation (1h, 12.000 min') 
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and filtration (nylon net filter, 11 ym, Millipore) 
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O filtration (glas frit por.2,40-100 urn, Schott) 

Fig. 3.13. Reduced viscosity as a function of the concentration for a carboxymethyl cellulose (DS-0.7) 
with a high content of gel particles.The solution was filtered with different types of filters and pore 
sizes. In addition to the filtration in some solutions the gel particles were separated by centrifugation 

which is hard to identify as such. This error becomes even more important with a 
decreasing diameter of the capillary. 

Similar to dust particles, oil films and grease lead to longer running times and 
therefore to measuring errors. 

When solutions with different surface tensions are to be analyzed with the same 
capillary, it has to be neatly cleaned in advance, because even the smallest drops of 
solution that adhere at the wall of the capillary again lead to measuring errors. In 
order not to contaminate the viscosimeter with the cleaning detergent, it is advis­
able to filtrate the cleaning detergent itself. The use of filters made of paper is not 
advisable because of microscopic fibers that could peel off the filter. 

As a cleaning agent an aqueous solution of 15% hydrochloric acid and 15% hy­
drogen peroxide is suitable. If it is the first cleaning of a viscosimeter after a longer 
storage time or transportation this solution is to be left in the capillary for at least 
12 h. It is important that not only the capillary part but also every other part of the 
glass viscosimeter is filled with the cleaning agent. 
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Afterwards the viscosimeter is to be washed with deionized water and then with 
a water soluble and volatile organic solvent like acetone. To accomplish the clean­
ing process, the viscosimeter has to be dried with dust free air via compressed air 
(it has to be assured that no oil is released from the compressed air connector). 

WARNING: The viscosimeter must not be dried in a cabinet drier because that 
could lead to a permanent alteration of the capillary diameter! 

Between the single measurements, the viscosimeter is to be flushed with dust 
free solvent, and one has to assure that the capillary itself is rinsed properly with 
an appropriate device like a water jet pump. This step should be repeated at least 
three times. If such a device is not available, the cleaning agent should be left in the 
capillary for at least 10 min. 

3.3.2 Execution of the Experiment and Test Evaluation 

A dilution series of at least six solutions is prepared of the stock solution of the poly­
mer in a solvent of choice (see above) so that the range of relative viscosities varies 
from 1.2-2.5 and that the minimum running time of the capillary is not surpassed. 
As the relative viscosities and the running times are not determined before the test 
itself, the dilution series has to be modified afterwards if necessary, when the relative 
viscosities can be estimated in dependence of the concentration. If it should be nec­
essary, a different type of capillary has to be chosen to fit the observed running times 
to the requirements of the capillary. In Tables 3.1 and 3.2 the minimal running times 
and the range of kinematic viscosities are listed for the standard types of capillaries 
according to ISO 3105 and DIN 51562. The corresponding dynamic viscosities have 
to be evaluated with knowledge of the density p of the solution via Eq. (2.7). The vis­
cosimeter has to be cleaned according to the discussion in the previous section be­
fore it is filled with the sample solution. Afterwards the sample is filled into the fill­
ing tube of the viscosimeter (right tube in Fig. 3. lb). The right fluid quantity is usually 
marked by two marks on the viscosimeter. After the filling of the viscosimeter, it has 
to stay in the temperature control bath for a sufficient period of time, so that the tem­
perature is adjusted. Generally, 10 min is a long enough period to ensure a constant 
temperature. To achieve the best accuracy of measurement with a capillary vis­
cosimeter the temperature should not vary more than ±0.1 K. 

After closing the pressurization opening (left tube in Fig. 3.1b), the sample so­
lution is to be carefully sucked in the middle tube via a water jet pump or an ade­
quate device, until the meniscus clearly exceeds the upper mark M,. Opening all 
three openings starts the experiment. This causes the liquid column to separate at 
the lower end of the capillary and to form a suspended level at the dome of the 
reservoir. The measurement is executed by measuring the time it takes for the 
meniscus of the solution to drop from the mark M, to M2. 

First of all the pure solvent has to be measured several times until the running 
times are constant. The capillary then is to be filled and flushed with the sample so­
lution of the lowest concentration for at least two times. With the third filling, the 
measurement can start by recording the running times. For an evaluation of the ex-
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act running time, the sample solution should be measured at least three times, but 
not more than five times, because of possible evaporation of the solvent. The other 
sample solutions are measured the same way afterwards in the order of increasing 
concentrations. 

The use of an automatic filling device and the determination of the running time 
via light barriers at the marks M, and M facilitates the measurement and mini­
mizes personal errors. 

The running times have to be corrected afterwards. For short running times this 
is to be done according to Hagenbach (see"Capillary viscosimeter" above). In prac­
tice, this is usually not done according to Eq. (3.6) though, but correction times i? 
are listed by the manufacturer for the particular capillary and have to be subtracted 
from the measured running times r. 

tcm, = t-& (3.34) 

The running times that are tabulated together with the correction times also give in­
formation on the range of running times for which a sensible evaluation is possible. 

It still has to be considered that even with the Hagenbach correction, the mini­
mal running time for the particular capillary must not be under run (see Tables 3.1 
and 3.2). For capillaries with big inner diameter (bigger than No. Ic in Tables 3.1 and 
3.2) a Hagenbach correction is not possible, because the correction would only ap­
ply for running times below the minimum running time. According to Eq. (3.6) the 
viscosity can be determined via the (corrected) running times. With only the run­
ning time and the density of the solution being variables, the constant values are 
merged to the so-called capillary constant K: 

q = Kpt (3.35) 

The capillary constant K is a specific factor for a particular capillary and is deter­
mined and provided by the manufacturer. Should this constant not be known, it has 
to be determined. This is to be done with a calibration oil of known viscosity n and 
density p via the running times and Eq. (3.35) or comparison of the running times 
t of a given solution in the unknown capillary with the running times tb of the same 
sample in a capillary with a known capillary constant /Cb: 

K = ^ (3.36) 
t 

For both methods, maintaining of a constant temperature is of great importance. 
A good review of calibration fluids for viscosimeters is given in [25]. 

A redetermination of the capillary constant is also necessary when solutions 
were used that are corrosive for glass or the viscosimeter was repaired by a glass-
blower. In these cases, great alterations of the capillary constant may result and a 
recalibration is necessary. The required procedures for a recalibration are usually 
also described in the viscosimeter manual. 
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For the evaluation of the kinematic viscosity v via Eq. (2.7) only the determina­
tion of the running time is necessary. Knowledge of the density of the solution is 
not necessary: 

v = - = X-r (3.37) 
P 

In addition, for the evaluation of the relative viscosity q, (Eq. 2.9), only the deter­
mination of the running times of the pure solvent and the sample solution is nec­
essary. The assumption is that the density of the dilute polymer solution /.'„,iu,„ln 

equals the density of the pure solvent p̂ j,™,, because of the very small polymer 
concentration q,: 

1 •» " Ptolulion ' 'solution 'solution . , „ , 
/}, = — = = (3.38) 

1 » •» ' / \ . . |vrni ' 'solution 'u i lvrnt 

For the determination of the intrinsic viscosity | q] of the particular polymer-sol­
vent system, the specific viscosity q,p can be evaluated from the relative viscosity 
q, via Eq. (2.11). With the specific viscosity and known concentrations of the so­
lutions, the evaluation can be directly started according to Eq. (4.9) in "Determi­
nation of the intrinsic viscosity by viscosimetric measurements" in the next chap­
ter. With the determined intrinsic viscosity [n], the critical concentration of the 
viscosimetry can be evaluated according Eq. (7.7). 

3.4 Viscosimetric Measurements of Surface-Active Samples 

Viscosimetric measurements of surface-active samples in capillary viscosimeters 
are often hindered by vesication. In addition to a variation of the running times by 
bubbles of air in the reservoir and the no longer existing laminar flow profile in the 
capillary, an exact determination of the running times is not possible, because the 
foam formation on the fluid meniscus interface is particularly strong. Especially 
fully automated viscosimeter systems with light barriers at the marks ,\l and M 
provide no exact data in this case. 

In order to remove any bubbles from the capillary, the method described in 
Fig. 3.14 should be applied. 

First of all the capillary is filled as normal with closed ventilation tube as shown 
in Fig. 3.14a. Afterwards the filling tube is to be closed (Fig. 3.14b), then the venti­
lation tube is to be opened and slight pressure has to be applied on the capillary 
tube manually (with a pipette filler for example). The bubbles have to be driven into 
the ventilation tube carefully so that the capillary is free of bubbles. It is important 
to assure that the meniscus in the capillary tube reaches the opening of the venti­
lation tube, but does not fall below the opening so that the bubbles can ascent into 
the ventilation tube completely. Afterwards the ventilation tube has to be closed 
and the capillary has to be refilled with bubble free solution from the reservoir 
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Fig. 3.14 »-c. Surfactant solutions in a capil­
lary viscosimeter. To avoid bubbles in the 
capillary during the measurement a fill the 
capillary as usual, b close the right tube and 
apply slight pressure to the middle tube. Push 
all solution with bubbles in the left tube; 
c close the left tube and refill the capillary 
Repeat steps b and c if necessary 

(Fig. 3.14c). The steps b) and c) have to be repeated if necessary until the menis­
cus in the capillary tube is absolutely free of bubbles. As a part of the sample solu­
tion remains in the ventilation tube with this method, more sample solution than 
the manufacturer of the viscosimeter recommends should be used. 

3.5 Aging and Criteria of Stability 

Time dependent effects on the material functions, that show a time dependent al­
teration of the viscosity, are widely known from medical, cosmetic, and pharma­
ceutical industries. For nearly all of these applications, substances usually consist 
of three or more ingredients, so that these aging effects are usually due to variations 
in the crystallinity or phase separation effects. 

Water-soluble polymers on the other hand are simpler systems that have been 
used in a wide variety of technical applications in the past. To improve their effec­
tiveness and to find new possible applications the structure in solution on a molec­
ular basis was researched in detail. It was shown that different water-soluble polymers 
show various effects of instability that reduce their effectiveness for the particular ap­
plication. This phenomenon called aging is known from literature and was discussed 
by different authors. An example for such an aging process is shown in Fig. 3.15. 

This figure shows that the viscosity of PVA in DMSO is independent of the stor­
age time in contrast to the aqueous solution, which shows an increase of the vis­
cosity over time 126,27). In addition to this, the changes in the solution character­
istics were determined via elastic and inelastic light scattering [28|. All authors 

-II I . -II 



36 3 Execution of Viscosity Measurements 

J 

Fig. 3.1 S. Aging effects in polymer solutions. 
Quotient of the time dependent viscosity 
of a polymer solution. r/„ and the viscosity of 
a freshly prepared solution, to as a function 
of the time t. The viscosity can increase with 
time as shown for polyl vinyl alcohol) (PVA), 
or decrease as shown for poly(acrylamide) 
(PAAm) in aqueous solution. Changing the 
solvent to dimethylsuffoxide (DM50) or 
ethylene glycol (EG) can prevent the aging. 
Data from (30] 

agree that association and reformation of the polymer molecules via hydrogen 
bonds or the formation of microgels in the form of small crystalline regions induce 
this aging phenomenon. 

Besides an increase of the viscosity with storage time, polymers like poly(acry-
lamide)s or poly(acrylamide-co-acrylates) in aqueous solution show a decreas­
ing viscosity and intrinsic viscosity with increasing storage time. Degradation 
of the polymer coil could be excluded as a reason for this aging behavior, so that 
a change in the conformation of the isolated coil is most likely to induce this 
decrease of the material functions with increasing storage time [29]. Analysis 
regarding the molar mass of the different PAAm samples showed that aging does 
not take effect below a molar mass of Mw>lxlO* g mol '. In this range size exclu­
sion chromatography (SEC) could show that the hydrodynamic radius de­
creased with increasing storage time. Light scattering on the other hand showed 
that the molar mass of the samples did not change with the storage time but 
that the radius of gyration decreased. For a detailed characterization of the 
influence of aging effects on the material functions see (29, 30]. Stabilization of 
PAAm over time was not possible via variation of the pH-value (1 to 12) or via 
addition of hydroquinone or sodium sulfate. In contrast to that, an addition of 
2 vol.% 2-propanol to the aqueous solution or storage below 239 K stabilized the 
solution. 

Comparison of the pure PAAm with the ionic poly(acrylamide-co-acrylates) 
(PAAm/AAcNa) showed that the viscosity of the ionic species decreased even 
stronger with time. The examined PA Am/AAcNa showed a decrease of more than 
90% of its viscous behavior after storage in aqueous solution. Like for the pure 
PAAm, light scattering did not show a decrease in the molar mass for the 
PAAm/AAcNa |31-33|. 

The phenomenon of decreasing viscosity was also found in solutions of poly 
(L-glutamic acid) (PGA) [34]. Aqueous solutions of PGA showed a comparable 
aging effect like PAAm or PAAm/AAcNa at a constant pH-value of 5.7. Measure-

40 

t/(d) 
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merit:, of the circular dichroism (CD) of these samples showed that at a tempera­
ture of 25 °C the angle of rotation decreased, because of a decreasing content of 
a-helices. 

Another example for decreasing material functions in dependence of time is 
sodium poly(styrene sulfonate) (PSSNa). For a homologous series of this polymer, 
a decrease in viscosity was found above a molar mass of 1.8xl0*gmor' |35].The 
determination of the intrinsic viscosity described in Chap. 5, Fig. 4 was therefore 
only performed for molar masses ^LSxlO* g mol1, because higher molar masses 
show a time dependent intrinsic viscosity. With the addition of high salt concen­
trations (0.5 mol/1 Na2SO.,) or low storage temperatures (-34 °C) those aging effects 
were eliminated. 

Additional aging effects could be found for graft copolymers (starch-acrylamide 
copolymers [36], synthetic amylose [36],poiy(acrylamide-co-methacryloxyethyl-
N,N,N,-trimethylammoniumchloride) PAAm/M [30] and poly(acrylamide-co-
sodium-2-sulfoethylmethacrylate) [37]. 

3.6 Storage Stability and Quality Management 

The average molar mass is of crucial importance for polymers. The average molar 
mass characterizes the chain length of a polymer molecule, which is of great im­
portance to the processing and overall performance of the polymer as described 
below. 

The different types of stresses that act on the macromolecule can lead to changes 
in the main chain (usually degradation) so that they cannot be used anymore for 
their intended application. The determination of the average chain length or the 
average degree of polymerization is very important for the construction of pro­
duction facilities, specification of optimal processing parameters and the deter­
mination of the physical and chemical characteristics of the product. Therefore, a 
characterization of the chain length is of crucial importance [38]. The quality man­
agement that has to be done in order to detect changes in the molar mass usually 
consists of viscosimetric measurements via capillary viscosimeters. The deter­
mined viscosity of the sample provides information on the resulting product pro­
file and processability as shown in the following examples. 

An application for viscosimetry is for oil and additives measurements in the pe­
troleum chemistry. Here the viscosity is an important characteristic for the flow 
and lubricating properties of a specific oil. Via blending of different petroleum raf-
finates, basic oils with different viscosities can be obtained. The characteristic pro­
file can then be further optimized by addition of chemical additives (for example 
viscosity index enhancers or oxidation or corrosion inhibitors). The potential of 
a lubricating film is dependent of its thickness, which is itself dependent of its vis­
cosity. In addition to this, the viscosity of oil shows a strong dependence from the 
temperature. At low temperatures (in winter, cold start of the engine), the viscos­
ity of an oil has to be high enough, so that the oil can still reach the wearing points. 
At high temperatures (in summer, very high strains), a good build-up of the lubri-
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eating film has to be ensured, so that even at very low viscosities no breaking of the 
film occurs. 

Furthermore the durability of an engine oil is limited because of aging effects 
that occur automatically with long duration times, but also with entering of grime 
and other foreign matter [39,40). For a production plant, regular measurements of 
the viscosity assure good product quality. In contrast to that, in a development fa­
cility the influence of the temperature on the viscosity of new oil-additive com­
pounds is characterized. A commonly used characteristic for the viscosity-tem­
perature behavior (VT-behavior) of oil is the viscosity index VI. The Vl-value of oil 
is determined via the viscosities at 40 °C and 100 °C. A minor dependence of the 
viscosity on the temperature leads to a high Vl-value, oils for engines and trans­
missions usually have high Vl-values [41]. 

Another example for quality management via viscosimetry is the food industry. 
The raw materials, semi-finished products and end products used in the food in­
dustry have very different Theological properties. The temperature, content of wa­
ter, strain, storage time and the conditions of transport are just a few parameters 
that have influence on the mainly non-Newtonian flow behavior of food masses. 
Knowledge of the viscosity is of crucial importance for the food indust ry and ma­
chine building, but in different regards [41]. 

Via the determined viscosities, useful information can be obtained about mol­
ecular structure and chemical constitution. For example, the knowledge of the vis­
cosity is of crucial importance for the beer brewing process. A beer with a viscos­
ity above 1,7 mPa s is hard to filtrate, which leads to a declining capacity. On the 
other hand, a higher viscosity has a positive effect on the wholeheartedness and the 
stability of the foam of the beer. For this reason the main aim of viscosimetric mea­
surements here is the optimization of filtration methods and the quality control of 
malt, flavor and beer (42). 

3.7 Single Point Measurements 

The intrinsic viscosity usually is the characteristic value that is used to specify the 
storage stability and the quality of a product (see Chap. 4). Based on the storage 
stability a change of the intrinsic viscosity [ r\\ in dependence of the time gives in­
formation on the stability (aging, degradation). Based on a constant product qual­
ity (for example different batches), the intrinsic viscosity has to stay the same. 

However, the determination of the intrinsic viscosity needs the preparation, 
filtration and determination of the running times of a series of concentrations for 
every measurement. The storage stability and the quality of the product can be con­
trolled much easier via single point measurements however. Besides time and 
money saving, single point measurements do not need a range of concentrations 
for the determination of the intrinsic viscosity, but only the running time of a sin­
gle concentration. 

For this reason the concentration should be selected in the range of possible rel­
ative viscosities, that means the running time should be between 1-2.5 times the 
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running time of the pure solvent (see "Sample preparation" in this chapter). As it 
is always the same sample solution that is measured, it has to be prepared and ho­
mogenized only once. Filtration is the only step that is to be taken before measur­
ing the running times. 

When checking the storage stability of aqueous systems, one has to keep in mind 
that the solvent and the sample container are sterile to avoid degradation by mi­
croorganisms. For this reason an agent for sterilization should be added to the sol­
vent, for example sodium azide NaN3 (approx. 200 ppm). 

Single point measurements are commonly used to determine the intrinsic vis­
cosity via the so-called Fikentscher K-value. This method is, as shown in "Deter­
mination of the intrinsic viscosity by viscosimetric measurements" in Chap. 4, only 
applicable under very special conditions and should not be used anymore. Gener­
ally, single point measurements only serve for the determination of a viscosity 
value. 





4.1 The Dilute Solution 

The number of parameters that have influence on the flow behavior of a polymer so­
lution is, as will be shown in the upcoming chapters, enormous and makes it diffi­
cult to interpret the viscosimetric measurements. For this reason, viscosimetric mea­
surements are carried out with dilute sample solutions to minimize the interactions 
of the single polymer molecules. In this case, only the interactions between the poly­
mer and the solvent are determined. The dilute state of solution is shown in Fig. 4.1. 

The polymer molecules are isolated from each other in solution. They take on 
the statistically most likely conformation and form a coil. The dimension of this coil 
in dilute solution is what affects the viscous properties of a polymer solution. 
Despite of the regional isolation between the coils, as shown in Fig. 4.1, there are 
interactions that take effect during the flow process. These interactions are only 
prevented when the state of the so-called ideal dilute solution is reached. In this 
case, the polymer concentration c—»0 and the single polymer molecule only inter­
acts with the solvent. The following description for the determination of the in­
trinsic viscosity is based on this idealized state of solution. 

4.2 The Ideal Viscosity Correlation by Einstein 

The viscosity enhancing properties of a polymer coil can be described via a Tay­
lor-series: 

^,,, = 8 , - 0 + B , - ^ + 8, •*> + ... (4.1) 

Fig. 4.1. Schematic view of a dilute polymer solution.The con­
centration is below the critical concentration c* at which the 

single polymer coil solution volume is totally filled with polymer coils. Although the 
polymer coils are separated from each other, intermolecular inter-

solvent actions can still occur in a flow field 

* « 
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Here the fraction of the polymer in solution is given by the volume fraction ¢: 

• = ^=5=- (4.2) 
' lohition 

Fortunately, all higher powers in Eq. (4.1) can be disregarded for an ideal state of 
dilution! According to Einstein, the polymer coils are assumed to be perfectly in­
elastic and behave like hard spheres. Therefore, the following simple (and experi­
mentally confirmed) relationship is obtained: 

%, = 2.5 • $ (4.3) 

The volume of the polymer coils Vpolrmc, can be described via the ratio of the mass 
mpoirniCT °f m e polymer to its density p,qu. This density p,^ does not correspond 
with the density in the dry state, but with the density of the polymer in solution, 
where solvent molecules surround the polymer chain: 

/"•jwlynittj 

_ "pop""" _ ' P"t" ' _ C ,. .\ 

"•oiulion Mnluhon Pcqu 

With this, the specific viscosity is 

/ ^ = 2 . 5 - - (4.5) 
Pty, 

The specific viscosity, introduced in Chap. 2 still depends on the concentration 
according to Eq. (4.5). In order to obtain the true viscosity enhancing properties of 
a polymer, the reduced viscosity ;/,,., is introduced: 

n_ 2.5 
1„d = — (4-6) 

This reduced viscosity only depends on a polymer specific property, its density in 
solution. 

The unit of the reduced viscosity is defined via the used concentration unit, 
which is usually [g ml"' | for viscosimetric measurements. With this, the unit for the 
reduced viscosity is [ml g~' ]. 

However, the reduced viscosity is also not totally independent of the concen­
tration. Even though viscosimetric measurements are performed in the range of di­
lute solutions (below the critical concentration c", where the single polymer coils 
start to interpenetrate), small polymer interactions (that are decreasing with a de­
creasing concentration) have to be considered. The true viscosity enhancing prop­
erties of a polymer is therefore the reduced viscosity extrapolated to c—»0: 

[q\ = \imqlti (4.7) 
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According to the IUPAC nomenclature, the intrinsic viscosity should be named lim­
iting viscosity number but this denomination is not widely used yet. As shown in 
Eq. (4.7), another condition for the determination of the intrinsic viscosity is that 
the shear rate has to be y—>0. The influence of the shear rate on the determination 
of the intrinsic viscosity is discussed in Chap. 5. 

The intrinsic viscosity [rj] has the same unit, [ml g"1], as the reduced viscosity 
rjr„). For a better understanding, the intrinsic viscosity can be considered as a mea­
sure for the volume demand of the single polymer coil in ideally diluted solution. 
The intrinsic viscosity is proportional to the reciprocal density of the polymer coil 
in solution according to Eqs. (4.6) and (4.7). 

The intrinsic viscosity I r}\ represents the most relevant variable to describe the 
viscous behavior of a polymer solution and most viscosimetric measurements have 
the aim of its determination. Therefore, in the upcoming chapters the focus will be 
on a detailed description of the determination of the intrinsic viscosity, the influ­
ence parameters on the intrinsic viscosity and the establishment of structure-prop­
erty-relationships with the intrinsic viscosity. 

4 3 Determination of the Intrinsic Viscosity 
by Viscosimetric Measurements 

The intrinsic viscosity can be determined experimentally with the first two terms 
in Eq. (4.1). In a real polymer solvent system the state of an ideally dilute solution 
is never reached, even very dilute solutions have a finite amount of polymer. The 
second term in Eq. (4.1) captures these interactions between the single polymer coils 
in a not ideally dilute solution. When Eqs. (4.3)-(4.7) are inserted in Eq. (4.1), a linear 
dependency of the reduced viscosity rjml from the concentration c is obtained: 

Tr«i = — =(1) + B2- IqV c (4.8) 
c 

For the execution of the experiment, the specific viscosities for a dilution series of 
the polymer have to be determined as described in Chap. 3. The intrinsic viscosity 
[ n] is determined from the /-axis intercept of a plot of q^Jc (or rĵ j) vs the con­
centration c and an extrapolation of the linear fit of the data to c—»0, as can be seen 
in Figs. 4.2 and 4.3. 

The relative viscosities q, of a dilution series (and therefore the relation of the 
running times of the solution and the pure solvent in a capillary viscosimeter ac­
cording to Eq. (3.38)) should lie between 1.2 and 2.5, to assure an exact analysis. 
These limits of the relative viscosity are shown in Fig. 4.3. The data points below the 
critical value of the relative viscosity of 1.2 show deviations from the linear fit and 
should not be included in the extrapolation to the v-axis for the determination of 
the intrinsic viscosity. 

The same polymer in the same solvent can show a wide range of intrinsic vis­
cosities, depending on its molar mass. Poly(styrene) standards in two different sol­
vents as shown in Fig. 4.4 cover three decades of intrinsic viscosities. 
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4000 

Fig. 4.2. Reduced viscosity rj,„, as a 
function of the concentration c for differ­
ent molar masses of the polycation 
poly(acrylamide-co-(rV,rV,N-trimethyl-rV-
(2-methacryloethylJ-ammoniumchloride) 
(PTMAO in 0.1 mol/1 NaNO, solution. 
Data from [87]. All data points are mea­
sured at concentrations below the critical 
concentration c'^.The copolymer con­
sists of 8 mol%TMAC and 92 mol% AAm 
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Fig. 4.3. Viscosity i],^ as a function of 
the concentration c for carboxymethyl 
cellulose (CMO of different molar masses 
in 0.1 mol/l NaNO, solution with 200 ppm 
NaN, at 7=25 "C.The degree of substitu­
tion with carboxymethyl groups is con­
stant at DS 1. In addition the relative 
viscosity range of rj,=1.2-2.5 is shown 
in which the data points for a good 
viscosimetrk measurement should lie 
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Fig. 4.4. Reduced viscosity IJ,„, as 
a function of the concentration c 
for poly(styrene) samples of a broad 
range of molar masses in toluene at 
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at 7=30 "C.The intrinsic viscosities 
range from (n,J=5- 2300 ml g ' for 
the toluene solution and from 
[rj)=2.3-408 ml g" ' for the THF solu­
tion. Data for PS in THF as a courtesy 
from PSS Polymer Standards Service. 
Maint Germany. PS in toluene from 1881 
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Equation (4.8) is in accordance with the empirical Huggins equation. The fac­
tor B, is equivalent to the product of the intrinsic viscosity squared and the Hug-
gins constant KH: 

1 ^ = ̂  = l i r i + * H - \n\2- < (4.9) 

The Huggins coefficient K„ is constant for a given polymer-solvent system. How­
ever, the slope of the curves in Fig. 4.4 also depends on the intrinsic viscosity 
squared according to Eq. (4.9). Whereas for polymer samples with low molar 
masses and low intrinsic viscosities the curves in Fig. 4.4 almost seem to be inde-
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pendent of the concentration, steep slopes are observed for polymer samples with 
high intrinsic viscosities and high molar masses. 

Terms of higher order in Eq. (4.1) cannot be neglected for rising polymer con­
centrations due to the increasing intermolecular interactions (see "Concentration 
on molar mass" in Chap. 5). The linear region determined by the first two terms in 
Eq. (4.1) is only observed at low concentrations. In addition to this, measurement 
errors at low concentrations are more likely due to the small rise of the viscosity 
with the concentration. 

These problems also occur in highly coiled and compact systems where the in­
termolecular interactions between polymer coils are reduced because of the small 
coil diameter (see for example acetyl starch in Fig. 4.5). 

For highly coiled polymers, a high concentration is required to reach the desired 
range of the relative viscosity of r/r= 1.2-2.5. Again, in these concentration ranges 
a deviation from the linear behavior can be observed. The intermolecular interac­
tions between the polymer coils lead to an additional increase of the viscosity and 
therefore to higher reduced viscosities than predicted by the Huggins equation, as 
it can be seen in Fig. 4.5. 

Therefore, the following empirical equations were developed to extend the lin­
ear range and to minimize the error in the extrapolation for the determination of 
the intrinsic viscosity. According to the Schulz-Blaschke equation, the reduced vis­
cosity II,,,, can be plotted as a function of the specific viscosity r/.(: 

The Kraemer equation utilizes the inherent viscosity qmh: 

(4.10) 
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Fig. 4.5. Reduced viscosity IJ,„, as a func­
tion of the concentration C lor acetyl 
starch of different molar masses in aque­
ous solution at T=25 "C.The degree of 
substitution (DS) with acetyl groups Is 
nearly constant at DS-0.9. Due to the 
compact structure of the polymer coil the 
concentrations of the dilution series are 
relatively high to reach the required rela­
tive viscosity range of IJ,= 1.2-25 
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1 inh : 
In (q,) 

(4.11) 

This results in the following equation: 

(4.12) 

The Martin equation (also known as the Bungenberg-de long equation) utilizes the 
common logarithm of the reduced viscosity: 

I g l r ^ l g l l l + KM-Ill-c (4.13) 

The Solomon-Ciuta equation allows for the calculation of the intrinsic viscosity 
from a single concentration: 

1*11 = 
V2(n„-lnr,r) 

(4.14) 

The Kraemer equation as well as the Solomon-Ciuta equation are strictly speaking 
only valid for a Huggins constant KH= 1/3 [21]. Thus in case of doubt a linear fit 
should be obtained initially from the Huggins equation. 

A comparison of a plot of the reduced viscosity as a function of the concentra­
tion according to the Huggins and as a function of the specific viscosity according 
to the Schulz-Blaschke equation is shown in Fig. 4.6. In this case, both plots lead to 
the same intersection with the y-axis, but the Schulz-Blaschke plot allows for a lin­
ear extrapolation of the data. 
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Fig. 4.6. Reduced viscosity qr„ plotted as a 
function of the concentration c according to 
the Huggins equation and as a function of 
the specific viscosity according to the Schulz-
Blaschke equation. Two poly(acrylamide) sam­
ples with different molar masses are shown, 
data from [89]. In the shown examples, the 
longer linear region of the Schulz-Blaschke 
plot allows for better extrapolation to c >0 for 
the determination of the intrinsic viscosity 
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There is no general recommendation for the usage of the above equations. The 
applicability of one of the equations has to be tested for each polymer solution. 

There are special equations for the analysis of polyelectrolytes. They are dis­
cussed in detail in Chap. 5. 

Until recendy the Fikentscher K was used as a characteristic value for widely-used 
polymers like poly(vinyl chloride) (PVC) or poly(styrene) (PS) in solution [43]: 

lg (1,) = 
75 • 10"« K1 

l + 1.5-10-3-Jf-c 
+ 10"3iC (4.15) 

The parameter K was assumed to be independent of die concentration but depen­
dent of the molar mass. The determination of K was carried out with a single vis­
cosity measurement. In reality the Fikentscher K depends on the concentration and 
shows only small changes with the molar mass for high molar mass polymers [44]. 
It should be used only in a small and known concentration and molar mass range, 
for which the K value was determined. In all other cases, the intrinsic viscosity 
should be used as a characteristic value for polymer solvent systems. 



Parameters Affecting the Intrinsic Viscosity 

5.1 Concentration and Molar Mass 

The concentration is not a true parameter affecting the intrinsic viscosity since the 
intrinsic viscosity is defined in ideal dilution (c—»0) according to Eq. (4.7). Never­
theless, the influence of the concentration on the reduced viscosity rj,r,, is of great 
importance for the determination of the intrinsic viscosity. 

At low concentrations, the specific viscosity /j,p of a polymer solution increases 
linearly with the concentration c. The Huggins Eq. (4.9) was developed to eliminate 
this concentration dependence. Dividing the specific viscosity i|_ by the concen­
tration c gives the reduced viscosity nrpJ, which should be independent of the con­
centration. The observed linear relation between the reduced viscosity rj„,j is 
caused by intermodular interactions. The Huggins constant K„ is a measure for 
these intermodular interactions (see Chap. 5). The linear relationship between the 
reduced viscosity r;,„, and the concentration c is only valid at low concentrations. 
As soon as the concentration is so high that interactions between several polymer 
coils become important, nrrd increases superproportional with the concentration. 
This behavior can clearly be seen in Fig. 5.1. 

In particular, at high molar masses the linear region is attained only at very low 
concentrations. The additional interactions already start at concentrations below 
the critical concentration c* (see Chap. 7) where the solution volume is totally filled 

0000 0001 0002 0003 
c/(gml') 

Fig. S . I . Reduced viscosity q,„ as a function 
of the concentration c foi potytacrylamidel 
(PAAm) of different molar masses in aqueous 
solution The mass average molar masses 
M„ are given for each data set. The value of 
1/10 of the critical concentration c',,, of the 
viscosimetry (at which already 1 (fib of the 
solution volume is filled with polymer coils) 
is shown to demonstrate that deviations 
from the linear relation between the reduced 
viscosity rjlf<1 and the concentration c are 
caused by intermolecular interactions 
between the polymer coils Data from (89) 
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with polymer coils. Above the critical concentration the polymer coils start to in­
terpenetrate. These temporary network structures cause an additional hindrance 
in the flow and thus an additional increase of the viscosity. However, the data points 
in Fig. 5.1 show a non-linear behavior already at concentration above 0.1 c\ at 
which only 10% of the solution volume is filled with polymer coils. Interactions be­
tween several polymer coils are captured by higher order terms, for example of 
third order in Eq. (4.1). For an exact description of the flow behavior at high poly­
mer concentrations, these high order terms cannot be neglected. However, for vis-
cosimetric measurements not even third order terms are taken into account since 
the intrinsic viscosity is determined in dilute solutions. Deviations from linearity 
are taken into account by the different analysis equations described in Chap. 4. 

Other than the concentration c, the molar mass M is a true influence parameter 
on the intrinsic viscosity. Figure 5.1 shows that the intersection with the y-axis in­
creases with an increasing molar mass. This should not be mistaken as an increase 
of the polymer segment concentration. Even at the same concentration, a polymer 
coil expands with an increasing molar mass. An increasing expansion and there­
fore an increasing intrinsic viscosity leads to a decreasing density p^a of the poly­
mer coil in solution with an increasing molar mass M according to Eqs. (4.6) and 
(4.7). A theoretical relation between the intrinsic viscosity [ /jj and the molar mass 
M is deduced for polymer-solvent systems with unperturbed dimensions (theta-
conditions) in "The Fox-Flory theory" in Chap. 8, Eq. (8.36). In general, the rela­
tionship between the intrinsic viscosity [ n] and the molar mass M is also used for 
non-theta systems to obtain the (r/)-M-relationships described in Chap. 6. These re­
lationships can then be used to calculate the molar mass from the intrinsic viscosity 
of a polymer sample. 

5.2 Solvent 

The solvation of the chain of a polymer has a big impact on the expansion of the 
polymer coil. Figure 5.2 shows that a big solvating envelope increases the effective 
volume of a polymer segment and therefore the volume fraction of the polymer 
coil. This leads to a decrease of the polymer density p^u in solution according to 
Eq. (4.4) and to an increase of the intrinsic viscosity [r/]. 

The solvating envelope increases with rising thermodynamic quality of the sol­
vent, whereas thermodynamically poor solvents show a decreasing solvating en­
velope and increasing intramolecular interactions of the polymer chain segments. 
This can lead to a partial association of chain segments and therefore to a rising 
coil density and a decreasing coil volume. 

At theta-conditions, the intramolecular interactions of the polymer chain are 
compensated by the solvation force of the solvent molecules and the polymer coil 
resumes its unperturbed dimensions ("Dimensions of a real polymer coil" in 
Chap. 8). These theta-solvents correspond to thermodynamically poor solvents. 
The temperature at which the theta-conditions occur (theta-temperature) is nor­
mally close to the precipitation point of the polymer-solvent system. 
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Fig. 5.2. Schematic view of the polymer coil expansion due to the solvation of the polymer chain in 
a good solvent 

Often the retrieval of a suitable solvent for a polymer is not easy. Gnamm and 
Fuchs showed that the rule of thumb that solvents similar to the polymer show a 
good solubility cannot be used for all polymer solvent systems [45]. In general, one 
has to perform practical solution attempts to find a suitable solvent. Especially for 
complex copolymers with different monomer units no general rule for the solu­
bility can be given. 

Figure 5.3 shows plots of dilution series according to the Huggins equation for 
the same polymer poly(acrylamide) but different solvents. The intrinsic viscosity 
(intersection with the^-axis) increases as expected with the solvent quality (wa-
ter>formamide>glycol). 

At the same time, the slope of the curves in the linear region increases with the 
solvent quality and the onset of the non-linear behavior is shifted to lower con­
centrations. The slope of the reduced viscosity is equivalent to the product KHx [ q]1 

of the Huggins constant and the intrinsic viscosity squared according to the Hug-
gins Eq. (4.9). The slope is also formal equivalent to a second virial coefficient like 
A2 in the equation of the reduced osmotic pressure n/c: 
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Fig. 5.3. Reduced viscosity rj,rt as a func­
tion of the concentration c for a poty(acryl-
amide) (PAAm) in the solvents H,0, form-
amide and ethylene glycol at 7=25 °C. 
Data from [89,90].The intrinsic viscosity 
(intersection with the Y-axis) rises with the 
solvent quality 
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n RT 
- = — + A1c (5.1) 
c M 

In general, a second virial coefficient is a measure for the thermodynamic inter­
actions of two particles. 

In viscosimetric measurements the product KHx[q]2 is a measure for the solvent 
quality that describes these additional interactions and the expansion of the coil by 
the solvent molecules (similar to the exponent a of the [ rj]-M-relationship; see "The 
influence of the solvent quality on the |r;| M-relationship" in Chap. 6). Solely at 
theta-conditions the Huggins constant KH is zero and therefore the product 
KHx[n]2. At theta-conditions, the long-range interactions between polymer seg­
ments are compensated by the solvent even at higher concentrations (see Chap. 8). 
In this case, the specific viscosity //. of a dilute solution increases linearly with the 
concentration and the reduced viscosity is independent of the concentration and 
is equivalent to the intrinsic viscosity. 

The intrinsic viscosity [rj] increases with the molar mass (see "Concentration 
and molar mass" in Chap. 5) even at the same concentration and for the same 
solvent. The resulting expansion of the polymer coils leads to an increase of the 
interactions and therefore to an increasing slope KHx[n]2. Since the Huggins con­
stant KH is independent of the molar mass for a specific polymer solvent system, 
the increasing intrinsic viscosity solely causes the increasing slope. This is shown 
in Fig. 5.4 for sodium poly(styrene sulfonate) of different molar masses at a con­
stant concentration. 

KHX I tV 's WW in a theta-solvent and therefore independent of the molar mass. 
Changes in the viscosity caused by intermolecular interactions between solvent 

molecules in multi-component solvents are discussed in detail in Chap. 8. 

Fig. 5.4. Reduced viscosity rj,„] as a func­
tion of the concentration c for sodium 
polylstyrene sulfonate) (PSSNa) of different 
molar masses in aqueous solution.The 
second virial coefficient of the viscosimetry. 
K..I 'jl''. is equivalent to the slope of the 
curves and is given for each molar mass. 
The Huggins constant K„ is constant and 
Independent of the molar mass. Data from 
135.91] 
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5.3 Temperature 

For exact results while determining the intrinsic viscosity it is crucial to keep the 
temperature constant In general, the accuracy of the temperature should be at least 
better than 0.1. In this context, it is noteworthy that the solvent viscosity as well as 
the viscosity of the polymer solution is always decreasing with the temperature 
while the intrinsic viscosity can also increase with the temperature. Figure 5.5 gives 
an example for aqueous solutions of poly(N-isopropyl-acrylamide) (PipAAm) and 
poly(acrylamide) (PAAm). The viscosity of the pure solvent water is shown as well. 

The zero-shear viscosity rj0 of the polymer solutions and the solvent in Fig. 5.5 
decreases with an increasing temperature. PipAAm in H20 is a polymer-solvent 
system that shows a demixing temperature. At temperatures below this demixing 
temperature of 33 °C PipAAm is soluble in water while at 33 °C and above the poly­
mer precipitates (phase separation). The viscosity of the polymer solution shows 
a strong decrease close to the demixing temperature. 

The flow activation energy E of the Eyring equation 

To = Ae*1 (5.2) 

is positive for polymer solutions and greater than the activation energy of the 
solvent. Negative flow activation energies are not possible since additional thermal 
energy leads to an enhanced chain mobility and therefore to a reduction of the flow 
resistance. The intrinsic viscosity on the other hand reveals a different temperature 
behavior. The intrinsic viscosity can: 

1. Increase with the temperature, A[nJ/AT=positive 
2. Be independent of the temperature, A[r\]/T=0 
3. Decrease with the temperature A[nJ/A7"=negative 

This behavior is shown schematically in Fig. 5.6. 

Fig. S.5. Zero-shear viscosity % as a 
function of the temperature rfor poty 
(acrylamide) (PAAm) and poly((V-iso-
propyl-acrylamide) (PipAAm) in aqueous 
solution (c=0.1 wt%).The viscosity for 
the solvent water as a function of the 
temperature is plotted as well. Data 
from (77) 0.0 - 1 — 
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Fig. 5.6. Schematic view of the possible temperature de­
pendence of the Intrinsic viscosity (ri) 

Table 5.1. Temperature behavior of the intrinsic viscosity for different polymer-solvent 
systems 

Polymer 

PIB 
PIB 
PVC 
PVC 
PipAAm 
PAAm 

Solvent 

Tetrachloromethane 
Benzene 
Tetrahydrofiiran 
Chlorobenzene 
H,0 
H,0 

A[rj]/AT 

0 
Positive 
Negative 
Positive 
Negative 
Positive 

Table 5.1 shows this different temperature behavior of the intrinsic viscosity for 
some concrete polymer-solvent systems. An increasing intrinsic viscosity can be 
caused by polymer-polymer interactions as well as polymer-solvent interactions. 

The solvat ing envelope of the polymer chain can increase when the polymer-sol­
vent interaction (solvent quality) increases with the temperature. The rising sol­
vation of the chain leads to an expansion of the polymer coil and therefore to an 
increasing intrinsic viscosity. Figure 5.7 shows this increase of the intrinsic vis­
cosity with the temperature for poly(acry!amide) in aqueous solution. The zero-
shear viscosity of the same sample decreases with the temperature in Fig. 5.5. 

The aqueous solution of PipAAm shows a decreasing intrinsic viscosity as well 
as a decreasing viscosity. In this case, a rising temperature leads to decreasing poly-
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Fig. 5.7. Intrinsic viscosity |ri] as a function 
of the temperature T for the polyfacry-
lamide) (PAAm) and poly(Nisopropyl-acryl-
amide) (PipAAm) in aqueous solution from 
Fig. 5.5. In addition, the intrinsic viscosity 
for a polydsobutene) (PIB) in tetrachloro­
methane is shown as a function of the 
temperature. Data from [77] 
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mer-solvent interactions, increasing intramolecular interactions and therefore to 
a decreasing coil expansion. This intramolecular aggregation of the coil results in 
the observed phase separation above 33 °C. 

Figure 5.7 also gives an example of a polymer-solvent system, poly(isobutene) 
(PIB) in cydohexane, where the intrinsic viscosity is independent of the tempera­
ture. 

5.4 Shear Rate 

The definition of the intrinsic viscosity states that the measurements for the de­
termination of the intrinsic viscosity should be performed at a shear rate y—>0. At 
higher shear rates, the viscosity might become shear rate dependent (so called non-
Newtonian flow behavior). Examples for the occurrence of a shear rate dependent 
viscosity at low shear rates and for relatively low polymer concentrations are given 
in Fig. 5.8. 

The viscosity is independent of the shear rate y at low shear rates as it can be 
clearly seen in Fig. 5.8. This viscosity is called the zero-shear viscosity rj„. Above a 
critical shear rate ycri,=80 s~' for the PAAm and Ycrii=5 s"' f°r t n e xanthan gum so­
lution the viscosity decreases with the shear rate. Table 5.2 shows some examples 
for aqueous solutions of poly(acrylamide) of different molar masses and concen­
trations. The critical shear rate is generally shifted to lower values for higher mo­
lar masses. 

Viscosity measurements are often carried out with capillary viscosimeters be­
cause they are relatively cheap and give fast but exact results. Since capillary vis­
cosimeters operate at higher shear rates (see Tables 3.1 and 3.2) it must be checked 
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Fig. S.8. Dynamic viscosity /) as a func­
tion of the shear rate y for an aqueous 
xanthan gum and an aqueous potylacry-
lamide) solution of a comparable de­
gree of polymerization and the same 
concentration c=0.1 wt% data from 
1921.The viscosity depends on the shear 
rate above a critical shear rate y, .„ 
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Table 5.2. Critical shear rate V,™ of the onset of non-Newtonian behavior as a function of 
the molar mass Al„ and concentration c for poly(acrylamide) in H..O, T=25 °C 

M./<g/mol) c/(g/cm>) to^U-') 

500,000 
1,000,000 
3,900,000 

5.300,000 
7,900,000 

0.01 
0.01 
0.01 
0.01 
0.001 

>1000 

1000 
2 
0.8 
70 

if the acquired viscosity data lies in the zero shear viscosity range. This is for ex­
ample possible with multi-level viscosimeters (Fig. 3.Id). The different average 
heights h for each reservoir give different pressures according to Eq. (3.2) and 
therefore different maximum shear rates Ymu in the capillary (Eqs. 3.1 and 3.4). 
Since the determination of the intrinsic viscosity is conducted on a series of dif­
ferent concentrations, the extrapolation to y—>0 and c—»0, can be performed in a 
single diagram [46]. 

A plot of rjrcd against c+Ky (where K is an arbitrary constant) allows for a better 
determination of the intersection with the^-axis for the determination of the in­
trinsic viscosity (see Fig. 5.9). The rotational viscosimeters introduced in Chap. 3 
have the possibility to vary the shear rate over a wider range and are able to allow 
for measurements at a defined and constant shear rate. 

It is possible that the zero-shear viscosity of polymer samples with very high 
molar mass and strong non-Newtonian flow behavior cannot be measured in a cap­
illary viscosimeter. In case of a maximum shear rate in the capillary above the crit­
ical shear rate of the sample the calculated viscosity will be too low as one can see 
in Fig. 5.10 for different samples of high molar mass xanthan gum. 

J : 

c + 0.0017 

Fig. S.9. Net diagram (or the determination 
of the intrinsic viscosity |/j] from 
measurements of the reduced viscosity at 
shear rates»0 
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In these cases, the viscosity should be measured with a low shear viscosimeter 
like the Zimm-Crothers viscosimeter introduced in Chap. 3. The Zimm-Crothers 
viscosimeter measures at shear rate < 1 s"1, where nearly all dilute polymer solutions 
show a shear rate independent viscosity. 

5.5 Branching 

Branching in a polymer coil leads for polymers of the same molar mass to changes 
of the intrinsic viscosity. Although the chemical composition is the same, branched 
polymers have a higher density p^ in solution than linear polymers and therefore 
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a smaller intrinsic viscosity. Each sidearm in a branched polymer can be seen as a 
statistic coil, but these coils are closer to the center of gravity than the segments in 
a linear polymer. These effects of polymer branching on the intrinsic viscosity be­
come more important with an increasing molar mass as one can see in Fig. 5.11 for 
linear high-density poly(ethylene) (HDPE) and branched low-density poly(ethyl-
ene) (LDPE). 

The intrinsic viscosity is nearly the same for linear and branched poly (ethylene) 
(PE) at low molar masses, whereas at high molar masses the intrinsic viscosity of 
branched PE levels into a plateau while the intrinsic viscosity of linear PE still in­
creases with the molar mass. 

In addition, the type of branching has an impact on the intrinsic viscosity. Short 
chain branching as shown in Fig. 5.12a influences the properties of solid bodies 
whereas long chain branching (Fig. 5.12b) also affects the intrinsic viscosity as 
shown for PE in Fig. 5.11. Star like branched polymers as shown in Fig. 5.12c 
behave at high molar masses like linear polymers. The intrinsic viscosity of star like 
polymers increases linearly with the molar mass at high molar masses. In this case 
each arm acts like a single polymer coil if the molar mass is high enough. However, 
these "single" polymer coils are closer to each other due to the star connection. 
Because of this higher density of the polymer segments, the absolute intrinsic vis­
cosity of a star like polymer is lower compared to a linear polymer of equal molar 
mass. Dendrimers with a regular branching pattern (Fig. 5.12d) exhibit a decreas­
ing intrinsic viscosity above a critical molar mass as demonstrated in Fig. 5.11. 
Hyperbranched polymers (extremely short chain branched dendrimers) like the 
poly(a,c-lysine) in Fig. 6.12 have an intrinsic viscosity that is totally independent 
from the molar mass. 

Fig. 5.12*-<L Different types of branching in 
polymers: a short chain branching; b long chain 
branching; c star like branching; d hyperbranch-
ing (dendrimers) 
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5.6 Chemical Structure 

The quantitative determination of the influence of the chemical structure of a poly­
mer on the intrinsic viscosity is not easily determined. The chemical structure of 
a polymer chain and of the side groups affects the flexibility of the chain. An in­
creasing rigidity affects the ability of the chain to form a random coil and leads to 
an increased intrinsic viscosity. However, changes in the chemical structure of a 
polymer also effect the interactions of the polymer segments with the solvent. It is 
not easy to separate these two effects on the intrinsic viscosity. Figure 5.13 shows 
a comparison of several different chemical structures of polymers and gives a 
rough overview of the evolution of the intrinsic viscosity depending on the struc­
tures of comparable polymers. 

The synthetic polymers poly(ethylene) (PE), poly(isobutene) (PIB) and 
polystyrene) (PS) have the same backbone (a polyethylene chain) but different 
voluminous side groups. PE as the basic polyethylene chain has no side groups. Due 
to strong van-der-Waals forces, PE is highly coiled in solution and only soluble in 
organic solvents above 100 °C. Compared to PE, PIB and PS show an expansion of 
the polymer coil in solution and a higher intrinsic viscosity. The non-polar side 
groups of PIB and PS obstruct the coiling of the polymer chain and lead to an ex­
panded coil in comparable organic solvents. However, even for similar non-polar 
side groups it cannot be ruled out that the coil expansion is not only caused by the 
simple steric hindrance of the side group but also by intermolecular interactions 
of the side groups with the solvent. 

Even polymers with the same chemical composition can show differences in the 
intrinsic viscosity depending on the chemical structure. Polymers with different 
tacticities (for example the poly(propylene) in Fig. 5.13) show an expansion of the 
coil in theta-solvents from atactic to iso- and syndiotactic structures. The different 
coil expansions are caused by different short-range interactions between the side 
groups [47| (see "The influence of the tacticity of a polymer" in Chap. 6). In good 
solvents, the coil expansion is dominated by the solvation of the polymer chain. 
In this case, there are no observable differences in the intrinsic viscosity of 
poly(propylenes) with different tacticities. The same observation is made for 
poly(styrene) in different good solvents in Fig. 6.14. 

A comparison of polymers with different polymer backbones is shown in 
Fig.5.13 for the non-ionic polymers poly(ethylene oxide) (PEO), poly(acrylamide) 
(PAAm), and methyl cellulose (ME) in aqueous solution. The heteroatom in 
the backbone of PEO leads to an expanded coil structure compared to PAAm with 
the heteroatom in the side chain. Cellulose derivatives have in addition to the 
heteroatom the ring structure of the anhydroglucose unit in the polymer backbone. 
The methyl cellulose in this example has a less expanded coil than the synthetic 
PAAm and PEO. Again, it is hard to distinguish between the influence of the 
solvation of the polar backbone and the pure steric hindrance of the different back­
bone structures. 

The influence of ionic groups in the side chain of the polymer on the intrinsic 
viscosity is shown in Fig. 5.13 for the sodium salt of poly(acrylic acid) (PAAcNa) 
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and the similar poly(acrylamide) (PAAm). The polymer coil of the PAAcNa is 
expanded due to the coulomb forces between the ionic groups compared to 
the similar chemical structure of the PAAm. The dissociation of the carboxylic 
groups of the PAAcNa is strongly dependent on the pH, temperature, concen­
tration and salt content of the solution. "Polyelectrolytes" in Chap. 5 discusses 
the influence of these parameters on the intrinsic viscosity of polyelectrolytes in 
detail. 

Not only the chemical st ructure of the polymer backbone, but also the secondary 
structure of a polymer has a strong influence on the intrinsic viscosity. This is 
shown for the biopolymers amylose, xanthan gum and schizophyllan in aqueous 
solution in Fig. 5.13. Amylose is one of the main components of starch. The chem­
ical structure of the linear non-ionic polymer chain causes the amylose to form 
helical structures in aqueous solution, which result in an expanded structure of the 
coil. The complex fermentation polymer xanthan gum also has a simple polymer 
backbone of anhydroglucose units like the amylose, but the chemical structure of 
the side chains force the xanthan gum to form a double helix in aqueous solution. 
The rigid double helix results in an even more expanded structure. Schizophyllan, 
another fermentation polymer, has the most expanded structure in solution 
and the highest intrinsic viscosity. Its backbone consists of anhydroglucose units 
like xanthan gum and amylose, but the side groups consisting of p-(l,6)-linked 
glucose units cause schizophyllan to form a triple helix in solution. The pronounced 
expansion of polymers with helical structures also causes the onset of the non-
Newtonian flow behavior at low shear rates described in Chap. 5. Although the 
xanthan gum in Fig. 5.8 has a lower molar mass than the PAAm, the 0.1% solution 
of xanthan gum has a noticeable higher zero-shear viscosity and a lower critical 
shear rate than the PAAm solution of the same concentration. This is caused by 
the increased intrinsic viscosity due to the more rigid helical structure of the 
xanthan gum. 

5.7 Polyelectrolytes 

Polyelectrolytes are polymers with ionic side groups. The coil expansion of poly­
electrolytes is not only determined by the usual parameters molar mass, solvent 
quality and temperature, but also by the degree of dissociation of the ionic groups. 
An example for a polyelectrolyte is the poly(acrylic acid) (PAAc) or its sodium salt 
(PAAcNa). The reduced viscosity n„j of this polyelectrolyte is plotted as a function 
of the concentration c in Fig. 5.14. At high concentrations, the reduced viscosity de­
creases with a decreasing concentration as expected for a polymer solution. How­
ever, at lower concentrations the reduced viscosity levels into a plateau and in­
creases again with a decreasing concentration. 

At high polymer concentrations and without additional salts only a few of the 
ionic groups of polyelectrolytes are dissociated. The concentration of counterions 
inside the polymer coil is higher than outside and the osmotic pressure forces 
solvent into the coil leading to an expansion. A decreasing polymer concentration 
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Fig. 5.14. Reduced viscosity i!red as a 
function of the concentration c for the 
polyelectrolyte sodium salt of poly(acrylic 
acid) (PAAcNa) in aqueous solution. 
Data from [96] 

results in an increasing dissociation and therefore in a decreasing osmotic pressure 
and a contraction of the coil. On the other hand, an increasing dissociation is ac­
companied by increasing coulomb repulsion forces between the ionic groups of 
the polymer chain. These forces result in an expansion of the coil and lead to the 
observed strong increase of the reduced viscosity at very low polymer concentra­
tions. 

At very low polyelectrolyte concentrations the reduced viscosity decreases again 
even for very rigid polymer chains and expanded coils, as seen in the plot of the re­
duced viscosity against the logarithmic concentration (Fig. 5.15) for poly(styrene 
sulfonate). The data shows a maximum of the reduced viscosity with a decreasing 
polymer concentration. At concentrations below this maximum, the polymer 
solution is in a dilute state, even for the nearly fully expanded polyelectrolytes. 
The intermolecular interactions simply decrease again with the polymer concen­
tration [47]. 

The addition of low-molecular salts to a polyelectrolyte solution compensates 
the effects of the osmotic pressure as well as the coulomb forces by shielding the 
dissociated ionic groups as shown in Fig. 5.16. The addition of these salts allows for 
an extrapolation of the reduced viscosity to c—»0 and a determination of an in­
trinsic viscosity. This is not possible for the salt free polyelectrolyte solution as can 
clearly be seen in Fig. 5.16. Although the addition of salt enables the determination 
of intrinsic viscosities, these values do not reflect the coil expansion in the salt free 
solution. 

A concrete example is given in Fig. 5.17. The reduced viscosity qni of two dif­
ferent molar masses of poly(vinylimidazolinium iodide) in aqueous solution is 
plotted without (a) and with an added salt (b). Figure 5.17a shows a trend similar 
to the one observed for the sodium salt of PAAc in Fig. 5.14. Again, the reduced vis­
cosity increases with the dilution because of the increasing dissociation of the ionic 
groups. In the presence of additional salts like the 0.05 mol/1 potassium iodide so­
lution in Fig. 5.17b the polyelectrolyte behaves like a neutral polymer and an ex-
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c/famT4) 
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Fig. 5.15. Reduced viscosity r/led as a function of 
the concentration c for the polyelectrolyte sodium 
poly(styrene sulfonate) in nearly salt free aqueous 
solution (CNJQMXIO-6 mol I"1) and for different molar 
masses.The concentration is plotted on a logarithmic 
scale to show the maximum behavior of the viscosity 
at very low concentrations of the polyelectrolyte. Data 
from [83,97] 
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Fig. 5.16. Different behavior of a polyelec­
trolyte in aqueous solution and a salt solution. 
At high concentrations of the polyelectrolyte 
in aqueous solution is the concentration of 
counter ions inside the polymer coil higher 
than outside, leading to an expansion of the 
coil due to osmotic pressure. At low concen­
trations of the polyelectrolyte in aqueous 
solution, the polyelectrolyte is highly dissoci­
ated, leading to an expansion of the coil due 
to coulomb repulsion forces. Both expansion 
effects are compensated in the salt solution 



64 5 Parameters Affecting the Intrinsic Viscosity 

~ 8000-, 

I 6000 

B? 4000 

2000 

0. W o.o-

- • » - /vM 

~ , _ M » 2 

-i ~ 130i 

f 120 

~ 110 

1100 

90 

80 

70 

0.02 0.000 
c / ( g m l ' ) 

0.005 0.010 
c/(gmr1) 

a b) 

Fig. 5.17a, b. Reduced viscosity r;red as a function of the concentration c for the polyelectrolyte 
poly(vinylimidazolium iodide): a in aqueous solution; b in 0.0S mol/l potassium iodide solution at 30 °C. 
Two samples with different molar mass M„1<M„2 are shown, data from [62,98] 

trapolation of the reduced viscosity to c—>0 for the determination of an intrinsic 
viscosity is possible. 

Many polyelectrolyte samples have a high content of additional salts from the 
synthesis. For an exact determination of the intrinsic viscosity at a defined salt con­
centration, these salt "impurities" have to be removed or the salt content has to be 
determined and taken into account (see Chap. 3). The impact of different salt con­
centrations on the reduced viscosity of a polyelectrolyte is shown in Fig. 5.18 for 
an aqueous solution of sodium pectinate. 

For the salt free solution, the typical curve progression of an ionic polymer can 
be observed as described above. At low salt concentrations (0.4 mmol/1 NaCl) the 
increase of r/red is reduced due to the shielding of the coulomb forces by additional 
counter ions. At low polymer concentration, the reduced viscosity decreases again. 
This is the same effect as in Fig. 5.15, where the increasing expansion of the poly­
mer coils was not great enough to act against the decreasing concentration of poly­
mer coils. The shielding of the coulomb repulsion forces increases with a higher salt 
content of the solution. At 1 mmol/1 NaCl only a very low increase of the reduced 
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Fig. 5.18. Reduced viscosity f)red as a 
function of the concentration c for sodium 
pectinate in aqueous solution and different 
sodium chloride concentrations at 7=27 °C, 
data from [99] 
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Fig. 5.19. Reduced viscosity i}red as a 
function of the salt concentration c 
(sodium sulfate, Na2SO,) for polyfacry-
lamide-co-acrylate) (PAAm/AAcNa) with 
different copolymer compositions.The 
degree of polymerization is kept constant 
at P„=32,700, the polymer concentration 
is c=0.0O025 g/ml, data from [ 100] 
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viscosity is observed and at 50 mmol/1 NaCl the pectinate behaves like a neutral 
polymer. 

Still the coil expansion and the intrinsic viscosity depend on the salt concen­
tration, even for a linear curve progression. For this reason, intrinsic viscosities of 
polyelectrolytes should be always accompanied by the salt concentration that they 
were determined at. This is extremely important for the [rj]-M-relationships de­
scribed in chapter 6. As one can see in Fig. 6.11 theses relationships change for the 
same polymer, depending on the salt concentration at which the intrinsic viscos­
ity was determined. 

Another example for a decreasing coil expansion and a decreasing reduced vis­
cosity caused by an increasing salt concentration is shown in Fig. 5.19. 

In this case the reduced viscosity not only depends on the salt concentration, 
but also on the number of ionic groups in the polymer and therefore on the co­
polymer composition of the investigated poly(acrylamide-co-acrylate). The 
copolymers in Fig. 5.19 have a constant degree of polymerization P and chain 
length distribution. Nevertheless, it is not the copolymer with the highest 
percentage of ionic groups (with 96% acrylate) that shows the highest reduced 
viscosity, but the one with 70% acrylate groups. This unexpected behavior is 
shown in Fig. 5.20. In this figure the relative intrinsic viscosity increment 
[fjl/l̂ lpAAm of the poly(acrylamide-co-acrylate) (with [q]p\Am

 a s the intrinsic vis­
cosity of PAAm with the same degree of polymerization) in concentrated salt 
solutions is plotted against the copolymer composition. Since these copolymers 
were not synthesized via a copolymerization but via a polymer analogous reac­
tion of a single poly(acrylamide) sample as shown in Fig. 5.21, the degree of poly­
merization P is exactly the same for these samples [31]. At the same time, the 
copolymers show a statistical distribution of the monomer units along the polymer 
chain. 

According to Fig. 5.20, the maximum of the intrinsic viscosity increment is in­
dependent of the degree of polymerization and appears at a ratio of acrylamide to 
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Fig. 5.20. Reduced intrinsic viscosity Irfl/liflmjm as a function of the molar fraction Xp^m of acrylamide 
in the copolymer poly(acrylamide-co-acrylate) for samples with different degrees of polymerization P 
and in different salt solutions.The reduced intrinsic viscosity [rjl/Irrfm,^ is normalized to the intrinsic 
viscosity of the pure poly(acrylamide) with the same degree of polymerization P. In addition to the 
copolymers, mixtures of poly(acrylamide) and poly(acrylate) wi th a value of P=~6700 and wi th com­
parable mixing ratios in sodium bromide solution are shown.The data is taken from [31,101J 

acrylate monomers of 1:2. Comparable mixtures of pure poly(acrylamide) and 
poly(acrylate) with the same degree of polymerization do not show this maximum 
behavior. Hence, the increasing intrinsic viscosity with a rising content of acrylate 
cannot be attributed only to the repulsing coulomb forces of the ionic groups. The 
increasing intrinsic viscosity is in fact correlated to an increasing number of reg­
ular triose units of the type acrylate-acrylamide-acrylate. Hydrogen bonds in these 
triose units as shown in Fig. 5.21, and coulomb repulsion forces between the car-
boxyl groups lead to a more rigid chain structure and therefore to a coil expansion 
and the observed increasing intrinsic viscosity. 

The maximum number of these triose units occurs at 67 mol% of acrylate 
groups and explains the maximum of the intrinsic viscosity at this point. 

The previous example demonstrates that the specification of the copolymer 
composition is even more important for polyelectrolytes than for non-ionic poly­
mers for an exact determination of the intrinsic viscosity. In particular for biopoly-
mers a characterization of the exact composition is complicated and not often car­
ried out. One of the reasons for the huge number of different [ n] -M-relationships 
published for the same polymer solvent system is therefore the insufficient char-
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Fig. 5.21. Stabilization of acrylate-acrylamide-acrylate units via hydrogen bonds in the copolymer 
poly(acrylamide-co-acrylate).The copolymer can be synthesized via a copolymerization of acrylic acid 
and acrylamide or a partial hydrolyses of poly(acrylamide) with sodium hydroxide (NaOH).The hydrol-
yses as a polymer analogous reaction leads to copolymers with the same degree of polymerization P. 
A hydrolysis to a copolymer with more than 66% of acrylic acid units is only possible at with extreme 
reaction conditions [31] 

acterization of the polymer (see also Chap. 6, especially the xanthan gum example 
in Table 6.4). 

The dissociation of the ionic groups of a polyelectrolyte is not only controlled 
by the salt concentration but also by the pH of the solution. An example for the re­
sulting dependence of the reduced viscosity from the pH of a solution is shown in 
Fig. 5.22. In this case, the polyelectrolyte has anionic and cationic groups; the so­
lution has a viscosity minimum at the isoelectric point. 
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Fig. 5.22. Reduced viscosity rff(,d as a function 
of the pH of a solution of the ampholytic 
copolymer polyfmaleic acid anhydride-co-W-
methyldiallylamine) in H20. Data from [83]. 
The reduced viscosity has a minimum at the 
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Fig. 5.23. Fuoss plot of the reciprocal 
reduced viscosity 1 /;(„,, as a function 
of the square root of the concentration 
for the sodium pectinate samples from 
Fig. 5.18 with different concentrations 
of sodium chloride.The intersection with 
the Y-axis is not the reciprocal intrinsic 
viscosity, the Fuoss plot is rather an em­
pirical method to linearize the reduced 
viscosity data from polyelectrolytes 

In the past, a determination of an intrinsic viscosity for polyelec t roly te solutions 
even at very low salt concentrations was carried out with the empirical Fuoss equa­
tion. The increasing reduced viscosity at low polymer concentrations can be de­
scribed with the following equation: 

1 

Urtd 
'• Ace + Kfc • Vc (5.3) 

Figure 5.23 shows a plot of the reciprocal reduced viscosity as a function of the 
square root of the concentration for the pectinate solutions introduced in Fig. 5.18. 

Data points for concentrations above the maximum of the reduced viscosity in 
Fig. 5.18 can be described by a linear fit according to Eq. (5.3). Elias [47] pointed 
out that the intersection of the fit with the^-axis is not equivalent to the recipro­
cal intrinsic viscosity as often assumed in the past: 

AFS*-
hi 

(5.4) 

Still the values of 1MFS can be taken as a relative measure of a coil expansion for 
comparison. 



6 Viscosimetric Determination 
of the Molar Mass 

6.1 The [?]]-M-Relationship 

The intrinsic viscosity [rj] of a polymer in a certain solvent can be correlated with 
the molar mass A J: 

ln] = KlnrM" (6.1) 

In the literature, this dependence is referred to as the [r/]-M-relationship or the 
Kuhn-Mark-Houwink-Sakurada-relationship (KMHS-relationship). K^ and a are 
constant for a given solvent and temperature. 

The exponent a is a measure for the solvent quality and therefore for the solu­
tion structure of the dissolved polymer (see "Influence of the solution structure on 
the [r/]-M-relationship" below). The knowledge of K[q] and a allows for an easy de­
termination of the molar mass of a polymer by measuring the intrinsic viscosity. 
The determination of the molar mass from Eq. (6.1) yields the viscosity average 
molar mass AfT The values of Mn lie between the number average molar mass M„ 
and the mass average molar mass Afw (Fig. 2.2). An exact definition of the viscos­
ity average molar mass is given in "The viscosity average of the molar mass" in 
Chap. 8. A general theoretical determination of the constants Kll?| and a of the [r/]-
M relationship for a polymer solvent system is not possible; they have to be deter­
mined experimentally. 

6.1.1 The Experimental Determination of the [rjl-M-Relationship 

The determination of an [r/]-Af-relationship is conducted with a homologous se­
ries of polymer samples with different molar masses. The molar mass distribution 
of these samples should be as narrow as possible (polydispersity Q=l). In this case, 
the intrinsic viscosity can be assigned to a single molar mass. It is possible to use 
samples with a broader distribution,but the (r/]-M-relationships determined in this 
way are considered to have a lower heterogeneity class (see"Heterogeneity classes 
and the influence of the polydispersity on the [r/]-M-relationship" in Chap. 8). If 
only a single polymer sample is available, a homologous series of polymers sam­
ples with smaller molar masses can be produced from this sample via ultrasonifi-
cation as described in the next section. 
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Table 6.1. Methods for the determination of average molar masses of polymers 

Method 

Static light scattering 

X-Ray and neutron scattering 

Sedimentation and diffusion 

Sedimentation equilibrium 

Size exclusion chromatography (relative method) 

Field-flow fractionation (relative method) 

Membrane osmometry 

Ebullioscopy 

End group assay 

Vapor-pressure osmometry 

Mass spectroscopy 

Sedimentation (relative method) 

Dynamic light scattering (relative method) 

Molar mass 
average 

Mw 

Afw 

AC Mt 

AC Af, 

M„, AC 

Af„, AC 

M„ 

M„ 
M„ 

M„ 

Af„, M„, 

Afw, Afz 

M, 

M, 

M, 

M, 

Molar mass 
limits 

>100g/mol 

>500 g/mol 

>1000g/mol 

> 1000 g/mol 

> 1000 g/mol 

> 1000 g/mol 

>5000 g/mol, 
< 1,000,000 g/mol 

<20,000 g/mol 

<40,000 g/mol 

<50,000 g/mol 

<200,000 g/mol 

< 1,000,000 g/mol 

< 10,000,000 g/mol 

The intrinsic viscosity of each sample has to be measured (as described in 
Chap. 4). In addition to this, the molar mass M of each sample has to be deter­
mined. For commercial samples, the molar mass is often already measured and 
supplied with the sample (as well as the polydispersity Q). If these parameters are 
not known for a polymer sample, they have to be determined. Different methods 
(absolute and relative) of determining the molar mass of a polymer sample are 
listed in Table 6.1. 

The different methods yield different average molar masses (see "Molar mass" 
in Chap. 2). In general the mass average Afw is used for the determination of a mo­
lar mass. In any case, the used average should be indicated for listed [r/]-M-rela-
tionships. 

Equation (6.1) can be written as 

log [q] = log K[n] + a- log M (6.2) 

A plot of the common logarithm of the intrinsic viscosity as a function of the log­
arithmic molar mass yields a linear dependence. The intersection with the^-axis of 
a linear fit of the data gives the constant logfC] ,̂ the slope of the curve the constant 
a. An example is shown in Fig. 6.1 for the intrinsic viscosities determined in Fig. 4.2. 

The unit of the constant factor K^\ depends on the order of the exponent a ac­
cording to Eq. (6.1). Therefore, in most cases the unit of K^ is not an integer value. 
For most [r/]-M-relationships only the number value of K^j determined via 
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log ( M . / (g m o l ' ) ) 

Fig .6.1 . Determination of the exponent a from the slope and the constant Kw from the intersection 
wi th the y-axis when plott ing log [q] as a function of log M. Values for the intrinsic viscosity [/)) of the 
polycationpory(acrylamide<<>-(rV,N,/V-trimethyl-rV-|2-methacryloethyl]-ammoniumchloride)(PTMAC) 
in 0.1 mol/ l NaNO, solution are taken from Fig. 4.2. The copolymer consists of 8 mol% TMAC and 
92 mol% AAm. Molar mass values were determined with multi-angle laser light scattering (MALLS), 
data from [1021 

Eq. (6.2) is given. In this case the units of the molar mass and intrinsic viscosity 
used for the determination of the [n]-M-relationship have to be listed with the re­
lationship. 

A regular distribution of the molar masses on a logarithmic scale helps to min­
imize the error of the linear fit according to Eq. (6.2) and enables the usage of the 
[ n]-M-relationship over a wide range of molar masses. For this reason, the molar 
masses in Fig. 6.2 have an even distribution over a wide range of molar masses. 

However, a single [n]-M-relationship is not valid over the whole range of molar 
masses. Especially at low molar masses, a systematic deviation is observed as can be 
seen in Fig. 6.2 (see "The influence of the molar mass" below). The linear fit ac­
cording to Eq. (6.1) should only be done in actual linear regions for an exact deter­
mination of a [n)-Af-relationship. For the applicability of a listed [n]-Af-relationship, 
a valid range of molar masses should always be specified. The [ n]-M-relationship is 
only valid in this range! The relationships listed in the Polymer Handbook [48] are 
always accompanied by the molar mass range. 

The quality of an [n]-M-relationship also depends on the number of samples 
used for its determination, thus reliable sources for [/j]-Af-relationships specify 
the number of samples. Especially for widely used polymers with many published 

_ ml 

Fig. 6.2. Determination of the parame­
ters a and K^ of the [r))-M-relationship 
via plotting the intrinsic viscosity [rj] as a 
function of the molar mass Mw for 
poly(styrene) (PS) in tetrahydrofuran 
(THF) at 7=30 °C. Data points below a criti­
cal molar mass of 20,000 g mol ' show 
a slope of 0=0.5, above the critical molar 
mass a slope of 0.735. Data as a courtesy 
from PSS Polymer Standards Service, 

M I (g m o l ) Mainz. Germany 
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Table 6.2. [ q \ - M- Relationships for poly(styrene) intoluene (| q | i n cmVg). In addition to the 
molecular mass range the number of samples (fractions) used for the determination of the 
relationship is shown (taken from (88)) 

[n|=11.2xl0 JM.°" 
(n]=10.69xlO,M»07M 

|ij]=4.16xlO,Mw
(,7a 

[r)l=34.5xlOJM»ow 

[nl= 17.0x10"'M,,0*' 
[n]=l 1.6x10 'M.*72 

|n]=10.5xlO,Mw
075 

|n]=8.62xlO'M.II7w 

(n]=7.85xl0'M.0747 

|n]=8.48xlOJM»07« 
|rj]=7.5xlO,M.075 

(n]=13.4xl0!Mw°" 
[n]=8.52xlO'M„061 

|rii=12.0xl0-)M»071 

|nl=9.23xl0JM»072 

[n]=11.0xl0'M„07" 
(n]=9.77xl0-5Mr°" 
[nl=10.4xlO'Mw

07" 
[n]=8.81xl0'M»0" 

ln^.sxio'M,.077 

[n]=12.6xl0JMw
071 

r/ co 

21) 
20 
20 
23 
25 
25 
25 
25 
25 
25 
25 
2S 
25 
M) 
M 
HI 
30 
30 
30 
M 
35 

Molar mass 
range/(gmol ') 

2.9xl04-2.4xl05 

2.9xl04-4.0xl07 

4.0x104-l. 37x10» 
4xl0J-2.3xl0* 
3xl0J-1.6xl0* 
5.0x104- 1.6x10» 
1.6xl05-6.9xl05 

3.0xl04-2.4xl07 

5.0xl04-lxl0* 
4.0xlu4-5.2xl05 

uxio'-a.sxio6 

7.0xI04-1.5xlO* 
Ixl0'-2.2xl07 

4xl05-3.7xl0* 
4X104-1.5x10» 
3.3xl04-8.5xl05 

7xl04-1.27xl0* 
2.7xl04-5xl05 

2.5xlO5-3xl0» 
-
3xl04-6.5xlO» 

No. of 
fractions 

6 
20 
10 
21 

9 
11 
7 

11 
10 
7 
8 
5 
4 
8 
9 

14 
5 
9 
5 

-
14 

Ret. 

114] 
115) 
116) 
117) 
118) 
119) 
120] 
881 
12I| 
122] 
123] 
124] 
125] 
126] 
127) 
128) 
129] 
130) 
131) 
132) 
133) 

[/]J-M-relationships for the same molar mass range (for example see poly(styrene) 
in toluene in Table 6.2), the number of samples used gives a guideline for the se­
lection of a good relationship from a number of similar ones. 

Exercises and several practical examples of calculations of the molar mass or the 
intrinsic viscosity from [r]]-Af-relationships and vice versa are given in [49]. 

6.1.2 Ultrasonic Degradation of Native Samples 

Six to nine polymer samples of different molar masses but similar molar mass dis­
tributions are required to establish a reliable [q]-M-relationship. For many polymers 
it is no problem to get these samples from different synthesis conditions. However, 
for new synthesis methods, expensive samples or biopolymers from a single native 
sample it is often not possible nor feasible to get the required number of samples 
with different molar masses. In these cases, it is possible to produce a homologous 
series of molar masses from a single sample by degradation methods. 
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The degradation of a polymer can be achieved by several means. Nevertheless, 
a controlled reduction of the molar mass is only possible if no statistical degrada­
tion occurs. In principal, a reduction of the molar mass of a polymer is possible by 
thermal, chemical and mechanical methods and also by enzymatic degradation or 
by an energy input via radiation. Thermal and chemical degradation (acidic, alka­
line and oxidative) are statistical processes that lead to unwanted mono- and 
oligomers. In addition, they can lead to modifications of the chemical microstruc-
ture of the side groups. In contrast, mechanical degradation methods in pebble 
beds, [50], shear flow [51,52] or ultrasonification [53] yield bigger chain segments 
and no monomer units (54]. Both degradation in a pebble bed and degradation in 
a shear flow field are not very effective for a controlled reduction of the molar mass. 
High intensity ultrasound on the other hand is an established and widely used 
method for the degradation of polymers in solution [55]. 

6.1.2.1 Principles of the Ultrasonic Degradation 
Sound waves from an ultrasound generator cause pressure variations in solution. 
Local pressure differences in the fluid lead to an evaporation of the solvent that 
forms bubbles of the order of magnitude of up to 100 micrometers. These bubbles 
collapse with high energy in microseconds, this process is called cavitation. 

The collapsing bubbles induce a strong elongational flow field in the solution as 
shown in Fig. 6.3. These flow fields [53,56-58] and the shock wave of the cavitation 
[59] tear the polymer molecules apart and form polymer radicals. The chain breaks 
in its center of gravity due to the even distribution of the hydrodynamic forces in 
the elongational flow field [55, 60]. Big polymer coils degrade faster due to the 
larger hydrodynamic interactions with the solvent in the elongational flow field 
[61 ]. The molar mass of a polymer decreases exponentially with time and reaches 
a nearly constant minimum molar mass. Below a certain chain length, the hydro-
dynamic forces are not high enough to cause a rupture of the polymer chain. 
Figure 6.4 shows this for two different polymers in aqueous solution. The minimum 
molar mass depends on the type of polymer and on the energy input of the ultra­
sound. 

Spectroscopical detection methods show that the chemical structure of the poly­
mer side groups is not affected by the degradation process. Even large side groups 
in biopolymers stay intact as long as their length is below the minimum length of 
the polymer backbone [53]. The polydispersity decreases slightly with the time 

elongational flow field 
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Fig. 6.4. Ultrasonic degradationofpory(acrylamide)(PAAm).<:-0.0045gml ' .M. - l .StoO IxlCTgrnol' . 
of pory(acrylamide-co-acrylate) (PAAm/AAcNa), c=0.0045 g m l ' , Mw=8.8 to 0.06x10* g mol ', of 
xanthan gum, c=0.0005g ml ' ,M.=14.3 to 2.1x10* g m o l 1 and schizophy1lan.c=0.001 gml \MW=8.9 
to 0.35x10* g m o l ' . Ultrasonic power output for PAAm and PAAm/AAcNa approx. 25 W c m 1 , for 
xanthan gum and schizophyllan approx. 30 W cm '. The molar mass reaches a constant value after 
longer sonrfication times. Data from [53] 

during an ultrasonic degradation, if the original polymer sample had a broad dis­
tribution. 

6.1.2.2 Conducting an Ultrasonic Degradation 
For an ultrasonic degradation of a polymer, a resonator is used as shown in Fig. 6.5. 
The setup in Fig. 6.5 for example uses a resonator with an output of -400 W with 
a working frequency of -20 kHz and an inert 3/4" titan tip. The solution volume 
for the setup in Fig. 6.5 should not exceed 200 ml and the concentration of the poly­
mer solution should not exceed the critical concentration c' (see "The critical con­
centration from the intrinsic viscosity" in Chap. 7, as a rule of thumb the concen­
tration should be below 0.5 wt%). The resonator tip should immerse approx. 10 mm 
into the solution. The temperature of the solution during the ultrasonification 
should be kept below 30 °C to avoid a thermal degradation. A schematic view of the 
setup for an ultrasonic degradation is shown in Fig. 6.5. 

Metal abrasion of the resonator tip has to be removed after the ultrasonification 
(for example via centrifugation). After the solvent has been removed (freeze-dry-
ing), the degraded polymer sample can be used for further investigations. 

The molar mass of the degraded sample depends on the sonilic.il ion time. This 
is shown for a hydroxyethylsulfoethyl cellulose (HESEC) in aqueous solution in 

http://sonilic.il
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Fig. 6.S. Schematic view of the 
experimental setup of an ultrasonic 
degradation for the production of 
a homologous series of molar masses 
from a single polymer sample 

15 • 

1.0 

0.5 • 

0 0 • 

240rran/- \ 1i5 min 

V 30 

w 
min 
— 10 min 
\ 5nwi 

V^^-»J min 
\ ^ r e ? \ 0 min 

\\v\ 
\ \ \ ^ 
V \\s 

10000 100000 1000000 
Molar mass I (g mol') 

Fig. 6.6. Differential distribution of 
the molar mass M for a homologous 
series of ultrasonically degraded 
hydroxyethylsulfoethyl cellulose. The 
sonification time is given for each 
data set. Data from [55] 

Fig. 6.6. Accordingly, the molar mass shows an exponential decay with the sonifi­
cation time. After 4 h a minimum molar mass of 40,000 g mol"' is reached. Longer 
ultrasonification times do not lead to a further decrease of the molar mass. 

The intrinsic viscosity as a function of the sonification time in Table 6.3 shows 
a similar progression as the molar mass. The intrinsic viscosity decreases expo­
nentially with time and reaches the minimum value of 140 ml/g for this polymer 
and the chosen energy input. The polydispersity MJM„ also decreases slightly with 
the sonification time. 

The ultrasonic degradation of polymers is an established and capable method 
for the production of homologues series of molar masses. Ultrasonic degradation 
does not lead to a broadening of the molar mass distribution and a separation of 
monomer units and is therefore an indispensable operation for the determination 
of |rj]-.\l-relationships (see above) from a single polymer sample. 
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Table 6.3. Molecular parameters as a function of the time for the ultrasonic degradation of 
hydroxyethylsulfoethyl cellulose (HESEC) in aqueous solution. The radii of gyration and the 
molar masses were determined via light scattering methods 

Degradation 
time/(min) 

0 
1 
5 

10 
30 

115 
240 

MJ 
(g/mol) 

218,000 
197,000 
144,000 
110,000 
84,000 
46,000 
28,000 

MJ 
(g/mol) 

337,000 
290,000 
207,000 
142,000 
107,000 
58,000 
35,000 

MJ 
(g/mol) 

487,000 
407,000 
286,000 
185,000 
132,000 
69,000 
42,000 

MJMn 

1.54 
1.47 
1.44 
1.29 
1.27 
1.26 
1.23 

JW 
(run) 

51.3 
49.7 
40.6 
34.7 
26.7 
23.5 
23.1 

*GI/ 
(run) 

64.2 
61.7 
48.4 
39.4 
30.4 
23.7 
23.4 

[1)1 
(cm'/g) 

617 
495.5 
328.5 
322.1 
223.9 
140.8 
140.0 

6.2 The Influence of the Solvent Quality 
on the [q]-M-Relationship 

The intrinsic viscosity [;;] of a polymer increases with rising solvent quality (see 
"Solvent" in Chap. 5) due to the increased solvating envelope of the polymer chain. 
An increased effective volume of the chain leads to an expansion of the polymer 
coil and therefore to an increased intrinsic viscosity (see Fig. 5.2). The solvent qual­
ity can also be seen in the exponent a of the [ /j] -M-relationship. In the case that the 
interactions of the solvent molecules with the chain are so small that the coil is not 
contracted or expanded, theta-conditions are reached and the coil has its unper­
turbed dimensions in solution. A theta solvent is referred to as a thermodynami-
cally poor solvent. In this solution state a theoretical value for the exponent «=0.5 
can be derived (the required Eqs. 8.22 and 8.33 are discussed in detail in "A deeper 
insight into" in Chap. 8). This value of a=0.5 is also experimentally observed as 
shown in Fig. 6.7 for the theta system poly(styrene) in cyclohexane (1=34.5 °C). 

The exponent a of the [n]-M-relationship increases with the solvent quality. In 
a good solvent, a coil has its so-called perturbed dimensions. In a good solvent the 
exponent a can reach a theoretical value of 0.76 according to the mean-field theory 
[47]. Slopes between 0.5 and 0.76 are also experimentally observed, for example for 
poly(acrylamide) in H20 at 25 °C in Fig. 6.7. Exponents a greater than 0.76 are 
experimentally not observed for flexible coils in good solvents [47]. Therefore, 
exponents a greater than 0.76 are not solely caused by the solvation of the polymer 
chain. In these cases, the coil expansion is also determined by the chemical struc­
ture of the polymer chain as shown in the following. 
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Fig. 6.7. Intrinsic viscosity (rjl as a function of the molar mass M , for different polymer-solvent sys­
tems. In addition to the experimental data, theoretical possible slopes of the [n>M-relationships are 
shown for a better visualization. Data for poryfglutamic acid benzyl ester) (PGE) in trichloromethane 
at 25 "C, poly(acrylamide) (PAAm) in H20 at 25 °C and pory(styrene) (PS) in c/s-decaline at 25 "C are taken 
from [77), polystyrene) (PS) in the theta-solvent-cyclohexane at 34.5 "C from (64), and hydroxyethyl 
starch (HES) in H20 at 25 X from [103) 

6.3 Influence of the Solution Structure 
on the [r]]-Af-Relationship 

In addition to the solvation of the polymer, the expansion of a polymer coil in 
solution and the value of the exponent a of the [ rj ] - Af - relat ionship is caused by the 
structure of the polymer chain. Certain polymers, for example poly (glutamic acid 
benzyl ester), form different structures in solution, for example flexible coils or 
helices, depending on the solvent quality as shown in Fig. 6.8 [62]. 

At a critical molar mass (M=65,000 g mol"') the linear [nJ-Af-relationships 
intersect (see Fig. 6.8). In general the curves of log [rj]=f(log M) intersect only 
for different polymers in solution. For the same polymer in different solvents 
the curves do not intersect if the solution structure stays the same. The curves 
might merge at low molar masses (see "The influence of the molar mass" below). 
The intersection shown in Fig. 6.8 is therefore solely caused by changes in the -
solution structure. Helical structures of the polymer in solution are stiffer than 
the polymer chain in a flexible coil and lead to semi-flexible coils or rigid rod­
like structures. The exponent a of the [;j]-Af-relationship shows for these ex­
tremely expanded structures values of 1 <,a<,2 (the poly(glutamic acid benzyl ester) 
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Fig. 6.S. Intrinsic viscosity [<j] as a function of 
(he molar mass Mm for pofylglutamic acid benzyl 
ester) (PGE) in two different solvents at 25 °C 
(data from [62]).The slope of 1.7 for the [r|)-M-rela-
tionship for chloroform as a solvent indicates 
a rod-like (helical) structure, whereas In dichloro-
acetic acid a slope of 0.87 indicates a flexible coil 
for the solution structure 

shown in Fig. 6.8 for example has a value of o= 1.7 for the helical structure in solu­
tion). 

However, even polymers with rigid helical segments behave like a flexible coil at 
very high molar masses, although the distance between two flexible joints of the 
chain is in this case not the bond length but the length of a helical part of the chain. 
The [nJ-M-relationship for very high molar masses shows again a slope of <i=0.8 
like a flexible polymer in a good solvent, as can be seen in Fig. 6.9 for DNA in aque­
ous solution or poly(hexylisocyanate) (PHIC) in hexane. 

The transition from slopes o<0.8 for semi-flexible rods at low molar masses to 
0=0.8 for flexible coils at high molar masses is often not detected because of the 
narrow range of molar masses available for the determination of a (nJ-M-rela-
tionship. This is another reason that many different [nJ-M-relationships are pub-

10* 10' 10' 

M./(8 moT) 

Fig. 6.9. Intrinsic viscosity [ifi as a function of 
the molar mass M„ for the rod-like polymers 
deoxyribonucleic acid (DNA) in aqueous NaCI 
solution at 20 X (data from (47.104)) and 
poiy(hexylisocyanate) (PHIC) In hexane at 25 "C 
(data from (47,105]). At very high molar mass 
even rod-like polymers behave like flexible 
coils and show the slope of a flexible coil in a 
good solvent 
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Table 6.4. [ q] -M-Relationships for xanthan gum in aqueous solution. In addition to the mol­
ecular mass range, the salt content of the solution and temperature the degree of substitu­
tion with acetate and pyruvate is shown for some relationships 

Kw a M»/(g/mol) Ac/ Py/ T/fC) c ^ Ref. 
(mol%) (mol%) 

3.21x10s 

4.64x10"* 

4.41x10 •* 

2.1X10"' 

6.3x10' 

3.5x10 s 

1.52xl0"s 

9.3x10s 

1.72x10-* 

1.7x10^ 

2.4x10* 

9.41x10-* 

5.66x10-« 

1.72x10"* 

4x10 s 

3.14x10s 

2.83x10 s 

5.71x10 s 

2.57x10-* 

1.82x10' 

1.64x10 s 

8.66x10' 

1.05X10"4 

1.25 

1.41 

1.07 

0.90 

0.93 

1.244 

1.32 

1.20 

1.14 

1.14 

1.10 

0.956 

1.0 

1.14 

1.23 

1.26 

1.27 

1.21 

1.09 

0.93 

1.29 
1-35 
0.% 

0.84 

1.18 

2xlOs-4xlO* 

'2.5x10s 

Ixl0*-7.5xl0* 

1.5xl0*-lxl07 

l0*-5xl0* 

4.2xl(r,-3.3xl04 1 

3.3xl05-3.3xlO* 1 

e.SxlOMxlO6 0.48 

SxlOMO7 

SXlO^xlO* 0.75 

3xl05-lxl06 

1.5xl0»-lxl07 0.62 

3X10M07 

3X10M07 

3x10s-107 

SxlOMO7 

"2x10s 

2xl05-106 

"2x10s 

2xl0s-10* 

IX 10s-10* 
-io* 
210» 

2Xl0*-9xl0* 

2xl0*-7xl0* 

0.4 

1.6 

0.6-1 

1 

0.36 

0.-1 

0.48 

0.34 

25 

25 

25 

30 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

80 

80 

25 
20 
20 

25 

25 

0.1 mol/l 

0.1 mol/l 

0.1 mol/l 

0.05 mol/l NaSO, 

5g/l 

0.1 mol/l 

0.1 mot/1 

0.1 mol/l 

0.1 mol/l 

0.1 mol/l 
0.1 mol/l NaN05 

0.1 mol/l 

0.3 mol/l 

0.1 mol/l 

0.03 mol/l 

0.01 mol/l 

0.01 mol/l 

0.01 mol/l 

0.01 mol/l 

0.01 mol/l 

0.01 mol/l 
0.75 mol/l 
0.75 mol/l 

0.01 mol/l 

0.01 mol/l 

(134] 

[135] 

[135] 

[136] 

[137] 

[137] 

[138] 

[139] 

[137] 

11401 

[141] 

1140] 

11401 

[140) 

(1401 

[142] 

1142] 

[142] 

[142] 

[143] 
[144] 
[144] 

lished for the same polymer-solvent system. This is shown in Table 6.4 for the fer­
mentation polymer xanthan gum, which forms a double helical structure in aque­
ous solution (see also Chap. 5). The published exponents a of the [nJ'Af-relation-
ship show values ranging from a=0.9 for molar mass ranges at 107 g mol"' to a=1.4 
at 105 g mol-'.It is therefore of great importance to use an [nl-M-relationship only 
in the specified molar mass range respectively to specify the molar mass range for 
a new [r\\-M-relationship. 



80 6 Viscosimetric Determination of the Molar Mass 

In addition to the molar mass range, small changes in the chemical structure 
can also lead to changes in the solution structure. Table 6.4 also lists the degree of 
substitution with acetate and pyruvate groups for some xanthan gums. Different 
degrees of substitution lead to changes in the {ql-M-relationship, even for the same 
molar mass range. The influence of changes in the chemical structure on the 
parameters a and K^ of the [ rjj-Af-relationship is much more pronounced for the 
poly(acrylamide-co-acrylic acid) copolymers introduced in Fig. 5.20. 

Figure 6.10 shows the dependence of a and Kini from the content of acrylic acid 
groups for a copolymer with a constant degree of polymerization P. Although the 
molar mass is nearly constant and the solvent is the same, the parameters of the 
[nJ-M-relationship show a complex maximum or minimum behavior due to the 
changing intramolecular interactions and the resulting solution structure. Hence, 
the composition of complex bio- and co-polymers should also be specified for an 
[ r/l-M-relationship in addition to the molar mass range. 

However, not only helical structures result in high coil expansions and high 
values of a. Polyelectrolytes with a high degree of dissociated ionic groups have 
very rigid polymer chains due to the coulomb repulsion forces of the ionic groups 
along the backbone. This can lead to highly expanded coils. The polymer chain be­
haves, depending on the charge density, as a semi-flexible coil or a rigid rod. The 
exponent a shows values between «=0.8 and fl=2. However, the determination of an 
[q\ -Af-relationship for a polyelectrolyte in salt free aqueous solution is quite com­
plicated. As shown in "Polyelectrolytes" in Chap. 5, the determination of an intrin­
sic viscosity is only possible with the addition of salts, although the intrinsic 
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Fig. 6 .11 . Intrinsic viscosity I rj] as a function of the molar mass 
M for a sodium poly(acrylate) (PAAcNa) in aqueous solution with 
different concentrations of sodium bromide at T=2S "C 

viscosities determined with added salts do not reflect the coil expansion of the 
polyelectrolytes in salt free solution. Hence the exponents of a=2 in salt free solu­
tions are more of a theoretical nature. 

[n]-M-relationships of polyelectrolytes should always be listed with the salt con­
centration used for the determination of the intrinsic viscosities, since the coil ex­
pansion and therefore the intrinsic viscosity decreases with the salt concentration. 

Figure 6.11 shows [rj]-M-relationships for the same polymer-solvent system but 
for different salt concentrations. The slope a decreases with an increasing salt con­
centration. This can also be seen in Table 6.5 where |/j|-Af-relationships for several 
different polyelectrolytes and different salt concentrations are listed. 

The chemical structure of a polymer can also cause a contraction of the polymer 
coil compared to the unperturbed dimensions at theta-conditions. In this case the 
exponent a of the [ q | - Af -relationship shows values of a<0.5. A contraction of the coil 
occurs if the attractive intramolecular interactions between the polymer segments 
become larger than the interactions with the solvent molecules. In extreme cases, the 
solvent is forced out of the polymer coil and the chain segments start to form com­
pact aggregates. The density of the polymer coil is then independent of the molar 
mass and the intrinsic viscosity is constant. In this case the exponent a is zero. An 
example is shown in Fig. 6.12 for compact glycogen in aqueous solution. 

A dependence of the intrinsic viscosity on the molar mass for branched poly­
mers was already shown in Fig. 5.11. The intrinsic viscosity of branched polymers 
is lower than the intrinsic viscosity of linear polymers with the same molar mass. 
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Table 6.5. Selected | r/] M Relationships for polyelectrolytes in solutions with different salt 
concentrations. Data from [831 

Polyelectrolyte 

Polyanions 

Sodium poly(acrylate) 

Sodium poly(styrene sulfonate) 

Sodium polyf,2-acrylamido-
2-methylpropane sulfonate) 

Carboxymethyt cellulose, 
DS=I.06 

Alginate 

Polycations 

Poly(2-trimethyl ammonium-
methyl methacrylate chloride) 

Poly(4-vinylbenzyt trimethyl 
ammonium chloride) 

Polylallylammonium chloride) 

Salt 

N . i l i r 

NaBr 

NaCI 

NaCI 

NaCI 

NaCI 

NaCI 

NaCI 

NaCI 

r/co 

IS 

25 

25 

25 

21 

25 

25 

25 

25 

Oat 
( m o l l 1 ) 

0.0025 
0.05 
1.5 
0.01 
0.1 
0.5 
0.9-80 

0.005 
0.05 
0.5 
4.17 

0.01 
0.1 
1.0 
5.0 

0.005 
0.05 
0.2 

0.01 
0.1 
1.0 

().1 
1.0 

4.0 

0.002 
0.01 
0.1 
0.5 

0.05 

0.2 
0.5 
1.0 

AfxlO-V 
( g m o l 1 ) 

1.5-50 

39-230 

14-87 

15-110 

0.11-270 

0.77-1110 

1.3-21 

2.8-18 

JCX10V 
( m l g 1 ) 

2.49 
2.81 
12.4 
1.32 
3.12 
5.06 

0.23 
1.39 
1.86 
2.04 

0.083 
0.16 
0.36 
0.53 

0.72 
1.9 
4.3 

0.05 

03 
0.91 

0.63 
0.75 
0.99 

0.58 
0.79 

1.9 
2.0 

0.24 
0.72 
0.72 
1.4 

u 

0.89 
0.77 
0.50 
0.91 
0.76 
0.66 

0.93 
0.72 
0.64 
0.50 

1.0 
0.88 
0.77 
0.72 

0.95 
0.82 
0.74 

1.15 
1.0 
0.87 

0.76 
0.71 
0.69 

0.88 
0.85 
0.70 
0.67 

0.98 
0.82 
0.79 
0.71 
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This effect increases with an increasing molar mass. Hence, [n;)-Af-relationships 
for branched polymers are only valid for very narrow molar mass ranges. As can 
be seen in Fig. 5.11, the intrinsic viscosity of branched polymers becomes nearly 
independent of the molar mass at high molar masses. The slope a of (rj]-Af-rela­
tionships for high molar masses of branched polymers is therefore low and can 
acquire values of a<0.5. 

Hyperbranched polymers show this independence of the intrinsic viscosity from 
the molar mass already at low molar masses. Figure 6.12 for example shows a hy­
perbranched polyUysine) with an exponent a of the (r/] -M-relationship of a=0 over 
the whole accessible molar mass range. Hyperbranched polymers with very short 
distances between the branching points have a high density of polymer segments 
and a very low content of solvent molecules inside the coil. Even though the 
attractive intramolecular interactions between the coils may not be very high, these 
polymers have a structure similar to the aggregated glycogen in Fig. 6.12. 

The possible influence parameters on the expansion or contraction of a polymer 
in solution are summarized in Fig. 6.13. 

In addition to Fig. 6.13, Table 6.6 correlates the exponent a of the [r/J-Af-rela­
tionship with the solution structures introduced in the last two chapters. 

Table 6A. Different solution structures of a polymer coil and the related exponents a of the 
[r||-M- and vof theKG-M-relationship 

a v Polymer structure in solution 

0 0.333 Aggregated compact sphere, hyperbranched compact structure 
0.5 0.5 Theta-condition in a poor solvent, unperturbed dimensions of the coil 
0.8 0.6 Expanded (disturbed) coil in a good solvent 
1-2 0.67-1 Semiflexible rod, helical structure 
2 1 Rigid rod 

O pofy(lysine) 
o glycogens 
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Ftfl. 6.13. Different solution structure causing an expansion or contraction of the polymer coll In 
solution compared to the linear, flexible coil In its unperturbed dimensions 

6.4 The Influence of the Tacticity of a Polymer 

Figure 6.14 shows the dependence of the intrinsic viscosity from the molar mass 
for linear poly(styrene) (PS) in the good solvents trichlorobenzene (TCB) and 
toluene. Whereas the chemical composition of the polymers in this example is not 
changed, the tacticity (the stereo chemical position of the side group) differs be­
tween the used samples. 

These polymers show great differences in solid phases due to the different 
tacticity, but nearly the same properties in solution. Figure 6.14 shows that the 
intrinsic viscosities of atactic and syndiotactic PS in TCB as well as the atactic and 
isotactic PS in toluene, show the same molar mass dependence. Since there are no 
direct interactions of the polymer segments as in a solid, only the short-range 
interactions (restricted rotation of the chain) are effected by different tacticities. In 
a good solvent, the short-range interactions are negligible compared to the long-
range interaction caused by the excluded volume and the solvating envelope (see 
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FI9.6.14. Intrinsic viscosity [rjl as function of 
the molar mass M „ for poly(styrene) of different 
tacticities. A comparison of the data is possible 
between atactic and syndiotactic poly(styrene) 
(PS) in trichlorobenzene (TCB) at 135 *C [109) and 
atactic PS at 25 X [88) and isotactic PS at 35 X 
[110] in toluene 

Chap. 8). The long-range interactions are not effected by the tacticity and no change 
in the intrinsic viscosity is observed for different tacticities. 

In theta-solvents and polymer-solvent systems with an exponent a of the [ rjJ-M-
relationship>0.5 the short range interactions dominate the structure of the poly­
mer coil. In these solvents, differences of the radii of the polymer coils of up to 20% 
can be observed between iso- and syndiotactic polymers of the same molar mass 
[47]. However, already in solvents with qualities slightly better than theta-solvents, 
the long-range interactions dominate and the intrinsic viscosity becomes inde­
pendent of the tacticity. 

6.5 The Influence of the Molar Mass on the [ q l-M-Relationship 

It is desirable to establish an [/j]-Af-relationship over a wide range of molar masses. 
However, it was pointed out above that [ q] - Af-relationships are only valid for a lim­
ited range of molar masses. This is especially true for low molar masses. As shown 
in Fig. 6.15, different slopes and values for K ,, and a for different solvents are only 
observed above a critical molar mass [63]. 

- 1 0 s 

2 1 0 J 

10' 

10' 

10 

PS in toluene 
slope = 0.736 

PS in cis-decaline , / 1 , 

slope = 0.574 \ / ^ S ^ " 

103 103 10* 10s 10" 107 10* 

Fig. 6.1S. Intrinsic viscosity [nj as function 
of the molar mass M „ for poly(styrene) in 
the good solvent toluene at 25 X [ 111), in 
cis-decaline at 25 °C [63], and the theta solvent 
cyclohexane at 34.5 °C (64) 
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10° 
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0.5 s* 

, s 

benzene (25 C) 
cis-decaline (25 'C) 
cyclohexane (34.5 *C) 
toluene (25 *C) 
toluene (0 X ) 
THF (30 *C) 

105 104 

M„/(gmol') 

Fig. 6.16. Intrinsic viscosity (nj as function of the molar mass M„ for poly(styrene) (PS) of low average 
molar mass in different solvents. The slope of the [nl-M-relationship in this molar mass range is inde­
pendent of the solvent quality. (Data for benzene from [65], for toluene at T=0 °C from [66), for toluene 
at 25 X from [ 1II), cyclohexane at 34.5 °C from {64] c/s-decaIine at 25 °C from [63) and THF at 30 °C as 
a courtesy from PSS Polymer Standards Service, Mainz, Germany 

Below this critical molar mass of Mw=20,000 g mol"1 all data points fall on a sin­
gle line with a slope of 0.5 for the example of poly(styrene). This observation was 
confirmed for other polymer systems [64-66] independent of the solvent or tem­
perature (Fig. 6.16). 

This behavior is probably caused by a rising influence of the chain ends. Below 
a critical molar mass, the number of polymer segments is too low to form a flexible 
coil. In addition to this, short polymer chains have no excluded volume and the 
influence of the solvation envelope on the coil expansion disappears. In addition, 
coil substructures like helical parts have an effect on the overall coil structure above 
a critical number of polymer segments. 

Figure 6.17 shows for an aqueous solution of poly(acrylamide) (PAAm) that 
below the critical molar mass the [rj]-Af-relationship does not necessarily acquire 
the slope of 0.5 of a theta-system. In the given example, the data points lie on a line 
with a slope of 0.7, corresponding to a good solvent. So far there is no explanation 

7 IU : 

2 1°3" 

i n ' 
10 -

PAAm in Hp / 
slope = 0.755\JT 

^ £ ^ PAAm in EG 
<*?= slope = 0.54 

104 10b 10° 107 10s 

M /(gmor') 

Fig. 6.17. Intrinsic viscosity [rj] as func­
tion of the molar mass M„ for polylacryl-
amide) (PAAm) in H20 and in ethylene 
glycol (EG). Below a critical molar mass 
the intrinsic viscosity becomes indepen­
dent of the solvent and the slope of the 
[rj)-/vl-relationship becomes that of a 
good solvent system (data from [92,112)) 
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why the slope of the PAAm solution below the critical molar mass is not that of a 
theta solvent. Compared to poly(styrene) the critical molar mass is also approx. a 
decade higher for PAAm. 

6.6 Tabulated [ql-M-Relationships 

Here several [ n] -M-relationships are listed. Table 6.7 shows [ q] -M-relationships of 
important polymer-solvent systems. Most of these relationships where determined 
from sample sets with a very narrow molar mass distribution Q, the heterogeneity 
class is specified for each [ q] -M-relationship (see "Heterogeneity classes and the in­
fluence of the polydispersity on the [ n] -M-relationship" in Chap. 8). The [ n]-M-re-
lationships are only valid for the listed range of molar masses. More [n]-M-rela­
tionships are listed in Tables 6.2,6.4,6.5 and 8.5. For rare polymer-solvent systems 
and copolymers with a defined composition, the reader is referred to the Polymer 
Handbook [48], Gnamm and Fuchs [45] as well as [67,68]. 

Table 6.7. Selected [ q] -M-relationships for different polymersolvent systems with good and 
very good heterogeneity classes 

Polymer 

Poly(acrylamide) 

Poly(acrylonitrile) 

Poly(butadiene) 

79%-trans,2l%-cis 

Poly(butadiene-co-

styrene),Buna-S 

linear fraction 

Poly(butyl 

methacrylate) 

Poly(butyl isocyanate) 

Poly(chloroprene), 

Neoprene W 

Poly(4-chlorostyrene) 

Solvent 

Water 

Ethylene 

glycol 

Formamide 

y-Butyro-

lactone 
Dimethyl-

formamide 

Dimethyl-

formamide 

Cyclohexane 

Toluene 

Chloroform 

2-Propanol 

Benzene 

Benzene 

Toluene 

77(°C) 

25 

25 

25 

20 

25 

35 

20 

30 

20 

21.5(G) 

20 

25 

30 

KxlO3/ 
(ml/g) 

10.0 

136 

12.7 

34.3 

52.0 

31.7 

36 

21.4 

2.9 

38 

1.10 

15.5 

13.0 

a 

0.755 

0.54 

0.74 

0.730 

0.690 

0.746 

0.70 

0.74 

0.78 

0.50 

1.11 

0.72 

0.64 

MX 10"/ 
(graol 1 ) 

14-900 

50-600 

50-600 

4-40 

5-52 

9-76 

23-130 

3-20 

4-800 

4-800 

1.8 -21 

5-80 

3-140 

Class 

1¾ 

B 

1! 

A 

B 

A 

B 

A 

B 

1¾ 

A 

B 

B 

Refs. 

192] 
[112] 

[112] 

[145] 

[146] 

[145] 

[147] 

[148] 

[149] 

[149] 

[150] 

[151] 

[152] 
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Table 6.7 (continued) 

Polymer 

Poly(ethyl acrylate) 

Poly(ethylene) 
low pressure 

Poly(imino-
adipolimino-
hexamethylene), 

Nylon 66 

Poly[imino(l-oxo-
dodecamethylene)], 

Nylon 12 

Poly(isobutene) 

Poly(isoprene), 
natural rubber 

Poly(isoprene), 

85-91%-o's 

Poly(isoprene), 

gutta percha 

Poly(propylene) 

atactic 

Poly(isopropyI 

acrylate) 

Poly(methyl acrylate) 

Poly(methyl meth-

acrylate) atactic 

Poly(methyl meth-

acrylate), living type 

Poly[oxy(dimethyl-

silylene)] 

Poly(oxyethylene) 

Solvent 

Acetone 

Decalin 
Tetralin 

p-Xylene 

90% Formic 
acid 

m-Cresol 
85% Formic 
acid 

Benzene 
Cyclohexane 

Diiso-
butylene 

Toluene 

Toluene 

Toluene 

Benzene 

Decalin 

Benzene 

Acetone 
Benzene 

Butanone 

Acetone 

Acetonitrile 

Benzene 

1,2-Dichloro-

ethane 

Bromo-
cyclohexane 

Acetone 

Benzene 
Water 

77(°C) 

25 

135 
130 

105 

25 

25 
25 

25 

30 
20 

30 

25 

30 

25 

135 

25 

25 

30 
20 

25 

45(6) 

25 

JO 

29.0(G) 

25 

25 

35 

KxlO3/ 
(ml/g) 

51 

62 

51 
51 

32.8 

81 
22.6 

83 
27.6 

36 

20 

50.2 

20.0 

35.5 

11.0 

12.4 

5.5 

3.56 

3.5 

5.3 

48 

5.5 

5.3 

74 

32 
39.7 

6.1 

a 

0.59 

0.70 
0.725 

0.725 

0.74 

0.74 
0.82 

0.53 
0.69 
0.64 

0.67 

0.667 

0.728 

0.71 

0.80 

0.701 

0.77 
0.798 

0.81 

0.73 

0.5 

0.76 

0.77 

0.50 

0.67 

0.686 
0.82 

MX10-V 
( g m o l 1 ) 

35-450 

2-105 
0.4-50 

0.4-50 

1-5 

0.3-13 
0.7-12 

0.05-126 
4-71 

1-130 

1-146 

7-100 

14-580 

0.2-5 

2-62 

4-100 

28-160 

25-190 

6-240 

2-780 

10-260 

2-740 

6-263 

3.3-106 

7-100 

8-520 

3-700 

Class 

B 

B 

B 
B 
C 

B 
li 

B 
A 
A 

B 

B 

A 

A 

A 

B 

B 
B 
A-B 

A-B 
A-B 
A-B 

A-B 

A 

A 
A 
C 

Refs. 

[153] 

[154] 

[155] 

[156] 

[157] 

[158] 
[159] 

[160] 

[161] 
[162] 

[160] 

[163] 

[164] 

[165] 

[166] 

[167] 

[168] 

[169] 
[168] 

[170] 

[171] 
[170] 

[172] 

[173] 

[174] 

|175] 

[176] 
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Table 6.7 (continued) 

Polymer Solvent r/(°C) KX10V a 

(ml/g) 

89 

MX10-4! Class Refs. 
(gmol1) 

Poly(propylene) 
isotactic 

Poly(styrene) atactic 

Poly(vinyl alcohol) 

Poly( vinyl acetate) 

Polyvinyl chloride) 

Poly(vinyl-
pyrrolidone) 

Decalin 
Tetralin 

Benzene 
n Butyl-
benzene 
Butanone 
Cyclohexane 
Toluene 

Water 

Acetone 

Cyclo-
hexanone 
Tetrahydro-
furan 

Water 

135 
135 

20 
25 

25 
34.5 (8) 
25 

30 

30 

25 

25 

30 

10.0 
9.17 

12.3 
16.4 

39 
84.6 
8.62 

45.3 

10.1 

13.8 

16.3 

39.3 

0.80 
0.80 

0.72 
0.684 

0.58 
0.50 
0.736 

0.64 

0.73 

0.75 

0.766 

0.59 

10-100 
4-54 

0.6-520 

1-180 
14-200 
3-2400 

1-80 

6-150 

1-12 

2-30 

8-110 

A 
A 

A 
A 

A 
A 
A 

A 

A 

A-B 

A.B 

A 

1177] 
[178] 

[65] 
[179] 

[118] 
[180] 
188] 

[181] 

[182] 

[183] 

[184] 

[185] 





Determination of the Polymer Coil 
Dimensions from the Intrinsic Viscosity , 

7.1 Introduction 

The concentration of a polymer in solution yields no information on how much of 
the solution volume is filled with polymer coils. Depending on the influence para­
meters described in the previous chapters, the expansion of a polymer coil in so­
lution can increase or decrease. Even at polymer concentrations that are seemingly 
relatively low, for example c<0.1 %, polymer coils with large intrinsic viscosities (in 
this case [IJ)>2500 ml g"') completely fill the solution volume. Although the in­
trinsic viscosity contains this information, some experience is needed to estimate 
the percentage of solution volume filled with polymers given the intrinsic viscos­
ity. Thus in the following the calculation of the volume Vcoil and diameter d of a 
single polymer coil from the intrinsic viscosity is shown. These dimensions allow 
for the calculation of the volume demand of the polymer in solution, especially the 
concentration where 100% of the solution volume is filled. This concentration is de­
noted in the next section as the critical concentration c". Since nearly all technical 
applications of polymer solutions require concentrations above c, viscosimetry 
permits an easy determination of the required minimum concentration of the poly­
mer via the intrinsic viscosity. 

7.2 The Dimension of a Single Polymer Coil 

The knowledge of the intrinsic viscosity allows for the determination of the size of 
a single polymer coil in a dilute solution. The coil expansion and the density of the 
polymer coil in solution are directly given by Eqs. (4.6) and (4.7): 

2.5 
P«,u = — (7.1) 

111 
The diameter d of a single polymer coil can be obtained from the density p ^ , the 
molar mass M (Eq. 2.12) and the volume Vcoa of the coil: 
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Wcoil M-iq] 1 
Veil = = = —TT-(P 

Peqa N A • 2.5 6 

Us-ir-JvJ 

These calculations still assume that the polymer coil in solution is a hard sphere 
with an even density throughout the sphere and with a fixed boundary to the 
solvent. For a more realistic discussion of the dimensions of a real polymer coil in 
solution, the reader is referred to Chap. 8. In particular, the correlation of diame­
ter </, molar mass M and intrinsic viscosity [ /;| in Eq. (7.4) is discussed in detail in 
Chap. 8 in the form of the Fox-Flory equation that correlates the intrinsic viscos­
ity with the radius of gyration Rc of a polymer coil and with the molar mass: 

[n\ = f— (7.5) 
M 

7.3 The Critical Concentration from the Intrinsic Viscosity 

The knowledge of the dimensions of a single polymer coil allows for the calcula­
tion of the solution volume filled with polymer. A matter of particular interest is 
the polymer concentration where the solution is completely filled with polymer 
coils and the coils start to interpenetrate as shown in Fig. 7.1. 

This concentration is denoted as the critical concentration c*. The critical con­
centration marks the transition from a dilute to a semi-concentrated solution. This 
transition is accompanied by great changes in the flow properties of a polymer 
solution. At concentrations above c' the flow behavior is dominated by the inter-
molecular interactions of the polymer coils whereas below c" mainly the polymer-
solvent interactions determine the flow properties. Nearly all technical applications 
of polymer solutions require concentrations equal to or above c . For example, the 

Fig. 7.1. Schematic drawing of the critical concentra­
tion c° in a polymer solution. At the critical concentra­
tion, the solution volume is totally filled with polymer 
coils. Above the critical concentration in the semi-di­
lute solution regime, the polymer coils interpenetrate 
and the solution behavior is dominated by intermolec-
ular interactions. Below c in the dilute solution regime 
the solution behavior is controlled by polymer-solvent 
interactions 

(7.3) 

(7.4) 

/ ' \ 

c<c' c>c* 
Dilute solution Semi-dilute solution 
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blood plasma volume expander hydroxyethyl starch (HES) is used at the critical 
concentration to obtain a maximum polymer concentration without a superpro-
portional increase of the viscosity. 

The critical concentration is reached for a volume fraction $ of the polymer of 
one. In this case, Eq. (4.3) yields 

'solution * polymer \*«*J 
P«qu 

With Eq. (7.1) the critical concentration of the viscosimetry c'(nl is obtained: 

, _ "polymer _ _ 2 . 5 
c « l l - - ^ — - ? « . " - 7 ^ (7-7) 

'solution I Hi 

Therefore the critical concentration c'in} is proportional to the reciprocal intrinsic 
viscosity. The factor of 2.5 assumes that the polymer coils behave like hard spheres 
in solution. Viscosimetric measurements for the determination of the intrinsic vis­
cosity have to be performed in dilute solutions at concentrations clearly below c 
for an exact linear extrapolation according to the Huggins equation (Eq. 4.9). This 
condition is fulfilled for example in Fig. 4.2, where it is shown that the data points 
for the viscosimetric determination are below the critical concentration calculated 
from Eq. (7.7). 

7.4 The Critical Concentration from Absolute Polymer Coil Radii 

If the absolute diameter or radius of a polymer coil is known, a direct calcula­
tion of a critical concentration is possible without viscosimetric data. Common 
methods for the determination of absolute coil dimensions are the different 
light scattering methods. The critical concentration calculated from these dimen­
sions is therefore often denoted as the critical concentration of light scattering, cV. 
since the radius R (see Chap. 8) can be determined directly from static light 
scattering. 

The critical concentration is then directly calculated from the molar mass and 
the radius of the polymer coil: 

M 
cls = - (7.8) 

-•NA-JI-R} 

3 

For polymers in good solvents the critical concentration c"LS is approx. a factor of 
-10 lower than the critical concentration c\n], obtained from the intrinsic viscosity 
according to Eq. (7.7), as shown in Fig. 7.2 for poly(acrylamide) and poly(styrene) 
in good solvents. However, for other systems with a less good solvent quality 
smaller ratios of the critical concentrations have been observed, for example for 
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io-2. 

10*. 

mJ 

A 
• 

A ps in toluene 
o PAAm in H20 

10' 10" 

M I 

10' 

(g mo!'') 

Fig. 7.2. Critical concentration c' as function of the 
mass average molar mass M„ for poly(styrene) (PS) 
in toluene at 7=25 °C and poly(acrylamide) (PAAm) in 
H2O.The closed symbols show the critical concentra­
tion of the viscosimetry c\n] (Eq. 7.7), the open symbols 
the critical concentration from the radius of gyration 
(from light scattering measurements) c'LS (Eq. 8.30). 
Data from [92] 

acetyl starch in aqueous solution a ratio of c*|,,|/c"LS=8.7 or for barley glucan in 
aqueous solution of c*[l7]/c*LS=3 [69]. 

Nevertheless, even the critical concentration c'LS, obtained from absolute poly­
mer coil dimensions, is only a relative value since the radii measured with scatter­
ing experiments are not equal to the hydrodynamic radii of the same polymer coils 
in solution. A detailed discussion on how to calculate a hydrodynamic radius is 
given in "The critical concentration of a real coil" in Chap. 8. 



8 A Deeper Insight into Viscosimetry 

8.1 The Viscosity of Mixtures of Solvents 

The viscosity of a mixture of solvents cannot be derived from a simple summation 
of the proportionate viscosities of the single solvent components. Intermolecular 
interactions between the different components can lead to an increasing, but also 
to a decreasing viscosity of the mixture compared to the viscosities of the single 
components. Listed relationships for a calculation of the viscosity of the mixture 
from the viscosities of the components are partially semi-theoretical, but most 
of the time of an empirical nature. A critical compilation of 54 mixing rules for 
solvents is given in [70, 71]. The mixing rules introduced in this chapter are only 
valid for binary mixtures of homogeneous, completely miscible and salt free fluids. 
The composition of the mixtures can be indicated by different fractions, >v,=mass 
fraction, xpmolar fraction, and 0,=volume fraction, with 1=1,2. 

These fractions describe the proportion of the mass, mol or volume of a com­
ponent to the total mass, mol or volume of the mixture. The volume fraction is ref­
erenced to the sum of the volumina of the single components, a volume expansion 
or contraction of the mixture is therefore not taken into account and it is not nec­
essary to determine the total volume of the mixture. This definition of the differ­
ent fractions results in the following equation: 

w, + w2 = x ,+x 2 = 0, + 0 2 = 1 (8.1) 

With the molar masses M, and M2 of the components and the corresponding den­
sities p, and p2, the following fractions can be calculated: 

M- • r. 
(8.2) 

*2 = - (8.3) 

Fi= (8.4) 
p2-( l -w2) + p,-w2 

The efficiency of a mixing rule can depend on the used type of fraction. In most 
cases, the mass fraction is used for the mixing rules. 

M, 

M2 

•d 

(1 

- X 

M, 

- w 

Pr 

•w2 

2) + M{ 

" 2 

• * 2 

•W2 
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-l—i—r 
0.0 0.2 0.4 0.6 0.8 1.0 

mass fraction w. 

a) acetone/water (25*C) 
b) ethanol/1,4-dioxane (20°C) 
c) methanol/toluene (20*C) 
d) hexane/dodecane (25 C) 

Fig. 8 .1 . Viscosity ij of mixtures of two solvents as a func­
tion of the mass fraction w2 of the second component 

Even binary solvent mixtures can show a very complex behavior of the viscos­
ity depending on the mixing ratio, with minima, maxima and inflection points. The 
viscosity can also show values of more than double the viscosity of single compo­
nents. A few examples are shown in Fig. 8.1. 

Most mixing rules are only valid for the calculation of a dynamic viscosity; so 
far there are only a few relationships for kinematic viscosities published. However, 
for solvents with great differences of the density the progression of the kinematic 
viscosity can be very different from the dynamic viscosity, depending on the com­
position of the mixture. 

For practical applications, only those mixing rules are of interest that are valid 
over a wide range of mixture compositions and that depend only on the viscosity 
of the components. The number of free parameters should be no greater than two. 
The simplest mixing rules have the form 

/ ( 1 ) = ^ . - / ( 1 1 ) + ^ - / ( ¾ ) (8.5) 

and do not have any other constants than the viscosities of the components. The 
function of the viscosity/(/j) is often r/.lnn or 1/n, ̂ , and,y2 donate the fraction of 
the components (wf, xt or 0,-). An example for this type of mixing rule is the equa­
tion from Arrhenius shown in Table 8.1. 

Other mixing rules in Table 8.1 include one or more free parameters. These pa­
rameters have to be determined experimentally for a mixture, before these equa­
tions can be used. The applicability of a mixing rule depends on the type of solvents 
used. There are four basic classes of binary fluid mixtures: two non-polar compo­
nents (low dipole moment), two polar components, a polar and a non-polar solvent 
and finally mixtures of solvents with the very polar HzO. Mixing rules without free 
parameters are in general only valid for mixtures of apolar solvents that show no 
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Table 8.1. Mixing equations for binary mixtures of homogeneous, miscible solvents from [25] 

Equations with no free parameter 

In n = p, • In n, + p2 • In /fc 

1 1 1 
- = w , — + w 2 — 
1 It Vi 

MM3f 
n = x2, • % + x*2 • n2 + x, • x2 • (n, + n2) 

Arrhenius 

Bingham 

Lautil 

Hind, McLaughlin, Ubbelohde 

Equations with one free parameter 

In n = x2, • In 7), + x*2 • In ^2 + 2x,x2 • V 

In ^ = xx • In (j, + x2 • In % + 2x,x2 • G 

In fj = 
x, + x2•s 

- • In /j, + 
* 2 * 

x , + x2 • s 
lnn2 

Lees 

Van der Wyk 

Grundberg, Nissan 

Lederer 

Equations with two free parameters 

In n = n,-
a- x2-b 

In n = In % + D • w2 + £ 

Cokelet, Hollander, Smith 

Ganguly, Chakrabertty 

minimum or maximum, as can be seen in Fig. 8. Id. Still, even for mixtures of apo­
lar solvents, mixing rules with only one free parameter give a much better fit. Mix­
tures of polar components as shown in Fig. 8.1a,b that have minima or maxima can 
only be described with one or more free parameters in the mixing rule. There is no 
general rule for the selection of a mixing rule for the mixtures of polar and apolar 
solvent or for aqueous mixtures. In these cases, a suitable mixing rule can only be 
determined by comparing experiments. However, for many standard binary solvent 
mixtures the mixing rules are already established (see for example [70]). 
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8.2 The Influence of the Molar Mass Distribution 

8.2.1 The Viscosity Average of the Molar Mass 

The molar mass determined with an [rj|-Af-relationship is the so-called viscosity 
average molar masses Mn, rather than mass (Afw) or number average (M„) molar 
mass (see Chap. 2). This seems to be peculiar on first glance, since the molar masses 
used for the determination of the (;/] -M- relationships were either number or mass 
average molar masses (depending on the determination method). However, the 
samples used for the determination of the [ q]-M-relationship should have had a 
very narrow molar mass distribution. The unknown sample on the other hand has 
an unknown distribution function of the molar mass. Only in the case that the dis­
tribution function of the unknown sample and the sample used for the determi­
nation are the same, M„ or M„ are determined directly from the viscosimetric mea­
surement. 

In any other case it has to be assumed that the unknown sample has a different dis­
tribution function of the molar mass and therefore a different distribution function 
of the intrinsic viscosities of each fraction of the sample. According to Philippoff [72], 
it could be shown that the measured intrinsic viscosity is a mass average (see Chap. 2) 
of the intrinsic viscosity distribution: 

. . I Wj • [n), 
l l ] = — (8.6) 

2 m, 

Replacing the intrinsic viscosities according to Eq. (6.1), yields the following equa­
tion for the average molar mass: 

• • ( - t r ) S M * (8-7) 
The molar mass average determined with viscosimetric measurements Af,, is called 
the viscosimetric average and lies, depending on the exponent a of the 
|/j]-M-relationship, between the number average molar mass Af„ and the mass 
average molar mass Af„ (see Fig. 2.2). 

8.2.2 Heterogeneity Classes and the Influence of the Polydispersfty 
on the [ n]-/W Relationship 

The viscosity average molar mass Mn is only obtained from [rjJ-Af-relationships 
that have been determined with polymer samples of a polydispersity of Q=l. 
For those cases, where the [r||-Af-relationship was determined from polymer 
samples with polydispersities <?> 1 and the average molar mass Mm or M„ was used, 
the [;/] Al- relat ionship can be corrected with a factor q, if the distribution function 
of the molar mass is known: 
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( i ] = K w 9 w -Afj = #f,-M; (8.8) 

W-K.q.Ml-K.W. (8.9) 

The factors for the common Schulz-Zimm distribution function are listed in 
Table 8.2. For other distribution functions the reader is referred to [47,48]. 

Table 8.2 shows, that the error without the correction factor q for mass average 
molar masses increases with the polydispersity Q. It is therefore extremely impor­
tant that [n]-M-relationships are always quoted with the average molar mass and 
the polydispersity of the used sample, if the relationship is not already corrected. 
For [ r/J-Af-relationships listed in the "Polymer Handbook" [48] the polydispersity 
range is shown in form of heterogeneity classes (see Table 8.3). 

In general a correction of the [r/]-Af-relationship is not necessary for a hetero­
geneity class of A, since the error in this case is smaller than the general error of a 
viscosimetric measurement (for number average molar masses even [rj]-Af-rela-
tionships of a heterogeneity class B do not need to be corrected). For all lower 
heterogeneity classes the correction must be done. 

For the (rare) cases that the distribution function of an unknown polymer 
sample is known (for example from the type of synthesis), the molar mass Afw or 

Table 8.2. Correction factors q for (rjl-M-relationships that have been determined from 
polymer samples with a known mass average molar mass Af. and a known polydispersity 
0 (taken from (47)) 

Q=MJM. 

1.1 
1.3 
1.5 
2.0 
3.0 
5.0 

Q=MJM. 

1.1 
1.3 
1.5 

:.o 
3.0 
5.0 

<J-

.1=0.000 

1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

1. 

0=0.000 

1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

0=0.500 

0.989 
0.971 
0.959 
0.940 
0.921 
0.907 

a=0300 

1.037 
1.108 
1.175 
1.329 

1.596 
2.028 

0=0.764 

0.992 
0.980 
0.971 

0.958 
0.946 
0.912 

0=0.764 

1.157 
1.196 
1.324 
1.627 
2.071 

3.201 

0=1.000 

1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

0=1.000 

1.100 
1.300 
1.500 
2.000 
3.000 
5.000 

0=2.000 

1.091 
1.231 
1.333 
1.250 
1.667 

1.800 

0=2.000 

1.320 
2.080 

3.000 
6.000 

15.000 
45.000 
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Table 8.3. Heterogeneity 

Heterogeneity class 

A 
H 

c 
D 

classes for [n]-Af-relationships according to 

Polydtspersity range 

Q=M»/M„S 1.25 
1.30^Q^1.75 
1.805QS2.4 
Q>1.75 

[481 

M„ can be calculated directly from the intrinsic viscosity [ijj, the [rjJ-Af̂ i-rela-
tionship and the appropriate correction factor •/: 

W—H'Ml-Kf'Mi (810) 
<?« 

[,,] = _!3l. M' = K,-Ml (8.11) 

8.3 Dimensions of a Real Polymer Coil 

The assumption in "Determination of the polymer coil dimensions from the in­
trinsic viscosity" in Chap. 7 that the polymer coils in solution behave like hard 
spheres with a constant density inside the coil and a fixed boundary to the solvent 
is only a simple approximation. In reality, a polymer chain shows a dynamic 
behavior with fast and statistically changing conformations. 

However, it is possible to describe the dimensions even of dynamic polymer coils 
in solution with the radius of gyration R,, and the average end-to-end distance 
(r2)"2 of the chain. They can be calculated for a polymer coil in its unperturbed di­
mensions from the bond angles and lengths and the steric factors of the monomer 
units as shown in the following chapters. 

8.3.1 The End to End Distance 

The end-to-end distance r0 of a freely jointed chain r„ directly describes the ab­
solute distance of the chain ends as shown in Fig. 8.2. 

For a close-up of a polymer chain with two bond lengths b, the distance r̂ , of 
the ends can simply be calculated from the bond angle r between the two bonds: 

r J„ = lb1 - 2b2 cos r (8.12) 

For .V bonds in the polymer coil and a random angle r, the second term equals zero. 
The average end-to-end distance (denoted by the brackets < » for all possible con­
formation, <r2>00, is therefore 

( r ^ A f c 2 (8.13) 
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Fig. 8.2. Segment model of a freely jointed polymer chain with the end-to-end distance r„. The end-
to-end distance is referred to as rM if the bond angle r is not fixed and b equals a real bond length in 
the polymer chain 

In a real polymer coil, not all angles r are possible. As one can see in Fig. 8.3, in a 
real polymer chain, the bond angle r is fixed and the rotation of the chain is re­
stricted and reduced to the most probable torsion angle 6. Additional short-range 
interactions of the polymer chain segments can be captured with an additional fac­
tor (y In consideration of all these short-range interactions, the end-to-end distance 
of a polymer coil in its unperturbed dimensions, <r2>0, can be described with the fol­
lowing expression: 

/1 - c o s r V l - c o s 0 \ 
<H>0 = N/y - k (8.14) 

\1 + cos r/ \1 +cos6V 

8.3.2 The Characteristic Ratio and the Steric Hindrance Parameter 

Fortunately, most of the variables in Eq. (8.14) are fixed for a polymer-solvent sys­
tem and can be combined into the constant so-called characteristic ratio C_: 

( r ^ C / v F (8.15) 

The characteristic ratio C. contains all steric hindrance factors that reduce a freely 
jointed chain to a polymer chain in its unperturbed dimensions. The characteris­
tic ratio is listed for a lot of polymers in the "Polymer Handbook" [48]. The num-

H H H H 

H H 
i ••. 

H H 

C 

Fig. 8.3. Schematic drawing of a polyethylene chain 
backbone in all-trans conformation, showing the bond 
length b, the bond angle r and the structural composi­
tion of a monomer unit with the molar mass Mu.The 

><_X^ torsion angle 8 between the first bond of a monomer 
...Cv.. u unit to the first bond of the next monomer unit is shown 

""'H along the connecting bond of the monomers 
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ber of bond lengths N can be calculated from the degree of polymerization P or the 
molar mass M (and the molar mass of a monomer unit in the chain MJ: 

N = 2P (8.16) 

2Af 
N = — 

Mu (8.17) 

With the bond length b (0.154 nm for a simple polyethylene backbone) the average 
end-to-end distance <r>„ of a polymer coils in its unperturbed dimensions (so-
called theta-conditions) can be calculated directly from Eq. (8.15). 

For polymers with a more complicated backbone structure and different bond 
lengths along the backbone (for example polysaccharides), it is not possible to as­
sume a simple bond length b. In this case, the average end-to-end distance is not 
described via the characteristic ratio, but the steric hindrance parameter <r. 

< ^ . « o« • ( - J L = ) • Af (8.18) feJ-M 

Again values of a are listed, for example in the "Polymer Handbook" [48] as well 
as values for K (in many cases as KVM„0-5 with M„ as the molar mass of the 
monomer unit in the chain) that are constant for a certain chain type. Some values 
for K/Mu°5 are listed in Table 8.4. KIM™ is comparable to the bond length in 
Eq. (8.15), whereas the information about the number of bond lengths is contained 
in the molar mass M. 

8 3 . 3 The Persistence Length 

The characteristic ratio as well as the hindrance parameter is a measure for the 
rigidity of the polymer chain. However, both values are not suitable to compare the 
rigidity of different chain types, since Eqs. (8.15) and (8.18) both need an additional 

Table 8.4. Dimension factors K/Aiu°' for different polymer chain types 

Chain type K 
— /(nmmol"/g") 

Polyethylene chain 0.308/Mu
05 

Amylosic chain 0.426/Mu
05 

Cellulosic chain 0.790/AO5 

Gutta-percha (trans polydiene) 0.580/MJ" 
Natural rubber (c« polydiene) 0.402/M„°5 

Polypeptide 0.383/M„" 
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measure of the bond length that differs for different chain types. Therefore, the bond 
length b and the characteristic ratio C„ are combined to obtain a general measure 
for the rigidity of the chain. The so-called persistence length Lp is defined as 

C„-fc 
L, = — (8.19) 

The persistence length can be seen as half of the shortest chain length that is 
needed to form a circle without obstruction from the chain rigidity. The smaller the 
persistence length (or CJ), the more flexible a chain is and the more coiled it is in 
its unperturbed dimensions. The persistence length is independent of the chain 
type and can be used to compare the rigidity and coil expansion of different poly­
mers without knowledge of the bond length. 

8.3.4 The Radius of Gyration 

The average end-to-end distance is not experimentally observable. Directly mea­
surable (for example via light scattering) is the radius of gyration RG. The radius 
of gyration Rc is correlated to the end-to-end distance [73]: 

<t*>a = 6Rl (8.20) 

In the following sections the dimensions of a polymer coil are expressed in form 
of the radius rather than the end-to-end distance. The radius of gyration is the 
average distance of all mass points in a polymer coil from the center of gravity. 
Other than in a homogeneous hard sphere, the polymer segment density in a real 
coil is highest in the center of gravity and decreases with the distance from the mid­
point as shown in Fig. 8.4. 

According to Fig. 8.4 only 92% of the polymer segments are inside a sphere with 
the radius RG, 8% of the segments are outside of this sphere. 

The size of a polymer coil is influenced by the interactions of the polymer chain 
with the surrounding solvent molecules. The solvation of the chain increases the 
effective volume of the chain. However, the solvent molecules shield a polymer seg­
ment and reduce its attractive or repulsive interaction with other segments. There­
fore, the effective volume of the coil can increase or decrease compared to the 
unperturbed dimensions under the ideal theta conditions. These long-range inter­
actions, as well as the fact that a polymer chain segment cannot take the exact place 
of another segment are denoted as the so-called "excluded volume" of a polymer 
coil in solution (as opposed to the short-range interactions discussed above). The 
real radius of gyration RG of a polymer coil in solution can be calculated from the 
radius of gyration with unperturbed dimensions with an expansion factor a spe­
cific for each polymer-solvent system: 

° G ~ aRc,' ^G,O (8.21) 
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Fig. 8.4. Schematic view of the relative segment density of a polymer coil in solution as a function of 
the distance from the center of gravity; 92% of the segments lie within the radius of gyration 

Solvents where aRG has the value one are so-called "theta"-solvents with the coil in 
its unperturbed dimensions. In general, all solvents for a certain polymer can be­
have as a theta-solvent at "theta"-temperature, since the solvent polymer interac­
tions depend on the temperature. Theta-temperatures are listed for several poly­
mer-solvent systems [13,45].The values for Clisted in the polymer handbook are 
determined for theta-systems. Only for these systems, a calculation of the radius of 
gyration according to Eq. (8.15) is acceptable. The parameter a is experimentally 
not accessible and therefore not tabulated. Since a also depends on the molar mass 
M, the radius of gyration for non-theta systems is generally determined directly 
from the molar mass via an flG-JVf-relationship. 

8.3.5 RG-/W-Relationship 

For theta systems, the radius of gyration Rc can be correlated directly with the 
molar mass M. Combining Eq. (8.15) with Eq. (8.17) yields a correlation of the end-
to-end distance of a coil in its unperturbed dimensions with the molar mass: 

0-¾ = : 2 • b2 • C„ 

M„ 
M (8.22) 

Since the only variable on the right side of the equation is the molar mass, a sub­
stitution of the end-to-end distance (r2),, with the radius of gyration RG according 
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to Eq. (8.20) gives a direct dependence of the radius from the square root of the 
molar mass: 

^ = ^ = ^ - ^ ( 8 ' 2 3 ) 

or with Eq. (8.18): 

*">/? K2 

• VM" (8.24) 

For polymer coils in non-theta systems, this simple square root relation is not valid. 
In this case, a dependence of the radius from the molar mass similar to the [f]]-M-
relation is observed: 

Rc = KRG • M* (8.25) 

The exponent v is a measure for the solvent quality or the solution structure and 
is correlated to the exponent a of the [/j]-M-relationship (see Table 6.6 and "The 
Fox-Flory theory" below): 

a = 3- v - 1 (8.26) 

KG-M-relationships can be derived from homologous series of molar masses the 
same way as [ rj]-M-relationships, Rc and M values can be derived for example from 
static laser light scattering experiments. Table 8.5 for example shows in addition to 
the experimentally determined [ r\]-M-relationships for cellulose derivatives in aque­
ous solution also the parameters of experimentally determined RG-M-relationships. 

By this means the relation of a and vas shown in Eq. (8.26) can be verified ex­
perimentally. 

A theoretical approach for the determination of a RG-Af-relationships is possi­
ble from the viscosimetry, if v is calculated from the exponent a of the [ q] -M-rela-
tionship according to Eq. (8.26) and the constant KRC according to the Fox-Flory 
theory via Eq. (8.42) from the constant K\ny 

8.4 The Critical Concentration of a Real Coil 

The critical concentration c of a polymer-solvent system was calculated in "The 
critical concentration from absolute polymer coil radii" in Chap. 7 for polymer coils 
with an absolute radius. For a real polymer coil the question arises, at which con­
centration the polymer coils touch each other and which absolute radius should be 
used to calculate the critical concentration. 

In the simplest case, the radius of the polymer coil is assumed to equal the ra­
dius of gyration RG, even though 8% of the polymer segments of a coil are outside 
this radius (see above). 

The radius of gyration is often corrected with a factor £, that converts the radius 
of gyration RG of a real coil with a density that decreases with the radius, into the 
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Table 8.5. [q]-M-Relationships for several cellulosederivatives in aqueous solution 

Cellulose derivative 

Methyl cellulose 

Methyl cellulose 

Sulfoethyl cellulose 

(0.1 mol/1 NaN03) 

Carboxymethyl cellulose 
(0.1 mol/1 NaCl) 

Carboxymethyl cellulose 

(0.1 mol/1 NaCl) 

Carboxymethyl cellulose 

(0.1 mol/1 NaCl) 

Carboxymethylsulfoethyl cellulose 

(0.1 mol/1 NaN03) 

Hydroxyethylsulfoethyl cellulose 
(0.1 mol/1 NaNO„ 

Hydroxyethyl cellulose 

Hydroxyethyl cellulose 

Hydroxyethyl cellulose 

Hydroxypropyl cellulose 

Hydroxyethylmethyl cellulose 

Hydroxyethylmethyl cellulose 

Hydroxyethylethyl cellulose 

Hydroxyethylethyl cellulose 

Hydroxypropylmethyl cellulose 

Celluloseacetate 

Cellulosesulfate 

V 

0.55 

0.65 

0.53 

0.70 

0.58 

0.59 

0.55 

0.56 

0.53 

0.59 

0.63 

0.51 

0.55 

^RG 

4.4X10"2 

1.2X10"2 

5.6X10"3 

6.6xl0"3 

3.8X10-2 

2.6X10-2 

3.3X10-2 

2.5x10-2 

3.8x10-2 

2.6x10-2 

1.4x10-2 

4.7x10-2 

5.8x10-2 

a 

0.82 

0.55 

1.19 

0.87 

0.91 

0.91 

0.80 

0.73 

0.65 

0.87 

0.68 

0.60 

0.83 

0.88 

0.80 

0.53 

0.60 

Klill 

8.0x10-2 

3.16x10"' 

1.74X10-" 

l . l lx lO'2 

1.23X10-2 

6.58x10"3 

2.3x10-2 

4.1X10-2 

1.0x10-2 

9.5X10"3 

4.2X10-2 

1.7x10"' 

2.1x10-2 

2.1x10-2 

3.7x10-2 

3.6X10-' 

2.1x10-2 

Ref. 

[186] 

[187) 

[186] 

[55] 

[186] 

[188] 

[186] 

[186] 

[186] 

[55] 

[189] 

[186] 

[186] 

[55] 

[186] 

[190] 

[186] 

[191] 

[186] 

radius of gyration RJph of an equivalent hard sphere with the same molar mass and 
the same average density: 

(8.27) #sph - £ " RG ~ yj~ ' Ĝ 

The volume Vcoi| of a single coil with this corrected radius of gyration then calcu­
lates to 

Vci^-TrK,3. ph (8.28) 
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The critical concentration is reached when the solution volume is completely filled 
with polymer coils: 

w polymer * " A 

- ^ - = 1 = = ^ - - - 1 (8.29) 
'solution 'solution ^** 

The critical concentration can now be calculated directly from the molar mass M 
and the radius of gyration RG (if the KG-M-relationship introduced above is known, 
only one of these variables has to be determined): 

M 
& = - (8.30) 

- • J V r r . £ . R G 

A critical concentration determined in this way is also denoted as the critical con­
centration of light scattering, c , s, since the radius of gyration can be determined 
directly via Ught scattering experiments [74]. As shown in Fig. 7.2 for two different 
polymer-solvent systems, the critical concentration c'^ is roughly a factor of -10 
smaller than the critical concentration of the viscosimetry c*^ (Eq. 7.7). 

Still, the radius of gyration does not equal the effective radius of a polymer coil 
in solution in terms of the flow behavior. For the calculation of a so-called hydro-
dynamic radius RH that reflects this effective radius of the polymer coil in a flow 
field, several theoretical approaches have been made. For theta conditions for ex­
ample, the modified Kirkwood-Riseman theory [47] predicts a ratio of radius of 
gyration to hydrodynamic radius of 

- ^ - = 1 . 2 0 (8.31) 

A correction of Eq. (8.30) with this factor yields a hydrodynamical, critical con­
centration for a theta-system that lies between c*|rl] and c"^. 

However, for practical applications even an exact hydrodynamical, critical con­
centration is just a guideline, since superproportional changes of the flow behav­
ior do not occur abruptly at the critical concentration. Due to the diffuse charac­
ter of a real polymer coil in solution, a change in the flow behavior above c" occurs 
gradually over a range of concentrations around c. For practical applications a de­
termination of c*[,] or c*LS is sufficient. The discussion about an exact determina­
tion of the hydrodynamic radius is therefore more of an academic nature. However, 
for a classification of the critical concentration of the viscosimetry c"in\ or C'LS, it is 
important to know about the possible range of critical concentrations. 
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8.5 The Fox-Flory Theory 

P.J. Fox and T.G. Flory developed a theoretical correlation of the intrinsic viscosity 
[q], the radius of gyration Ra and the molar mass M [75]. For the case of hard 
spheres, the intrinsic viscosity is related to RG and M if the volume of a polymer coil 
in Eq. (7.3) is replaced with the volume of an equivalent sphere with a radius of 
gyration according to Eq. (8.28): 

4 , 2.5 • NA 

3 M 

Combining the constants yields the so-called Fox-Flory equation: 

R1 

[IJ] = * - - 7 (8.33) 

M 

with a Flory constant * for the case of hard spheres of 

¢ = 1.357 -10" mol"' (8.34) 
For real polymer coils in solution the Flory constant * is lower, depending on the 
conversion factor £. Several attempts for a theoretical calculation of a Flory constant 
have been published (Flory and Fox calculated a value of *=4.17xl02'1 mol"1); ac­
cording to Yamakawa [76] a practical Flory constant for different polymer-solvent 
systems at theta conditions * 9 is 

* e = 3.69 • 1024 mol-' (8.35) 

The Fox-Flory equation (Eq. 8.33) in combination with the square root relation of 
the molar mass (Eq. 8.22) and the calculation of the radius of gyration from the 
end-to-end distance (Eq. 8.14) allows for a derivation of the [n]-M-relationship for 
theta conditions: 

/ft2 -Cj$ 
la] = * e - ( — — J -A*0-5 = ^ , , , . 0 - ^ - 5 (8.36) 

The exponent a of the [r/]-M-relationship shows therefore also from a theoretical 
approach a value of 0.5. 

For non-theta systems, the Fox-Flory equation can be corrected. The intrinsic 
viscosity [q] can be corrected with an expansion parameter a(n| that has to be de­
termined experimentally: 

«fnl = r f (8-37) 
ink 

The radius of gyration can be corrected in a similar way according to Eq. (8.21) 
with a factor aKG. Since this factor cannot as easily be determined experimentally, 
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for good solvents an empirical correction factor e for the Flory constant can be 
used [77]: 

<& = *„ -(1 -2.63 -4:-2.86-^) (8.38) 

The factor £ is correlated with the exponent v of the i?G-M-relationship: 

f = 2 v - l (8.39) 

or the exponent a of the [/j]-M-relationship: 
la - 1 

(8.40) 

These relations yield for the intrinsic viscosity of a non-theta system a corrected 
Fox-Flory equation: 

Re 
[ij] = * , • (1 - 2.63 • e- 2.86 • e2) • afn] • — (8.41) 

M 

An experimental verification of the Flory constant * is possible with known Rc-M-
and [ rj] -M-relationships for a polymer solvent system. A substitution of Eqs. (6.1), 
(8.25), and (8.26) in Eq. (8.33) yields the following expression for the Flory constant: 

¢ = ^ - (8.42) 
KRG 
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