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VISCOSITY: DETERMINING THE MOLECULAR MASS OF
POLYVINYL ALCOHOL



1 Introduction

The internal friction in fluids, or viscosity, is caused by the cohesion forces between
molecules. Molecules need energy to escape from each others’ close interactions.
Viscosity is therefore a thermodynamic quantity, dependent on temperature and
pressure. The viscosity of a polymeric solution is, in addition, a colligative prop-
erty dependent on the concentration and molecular weight of the polymer in the
solution.

The dependence of polymeric solution’s viscosity on the molecular mass can be
used to determine the molecular mass of the polymer, an important parameter
when characterizing polymers and their properties. In this laboratory work, the
concept of viscosity is introduced, and the dependence of viscosity of polymeric
solutions on their concentration and molecular mass is examined. The molecular
mass of the polymer in the solution is determined using an Ostwald viscometer.

2  General facts about viscosity

Viscosity can be said to describe the resistance of a fluid to flow. Viscosity is
characteristic to the fluid in question, and is used to define the qualities of, say,
oils, resins, latex paints or even chocolate pudding. Viscosity is one of the so called
flux quantities, because it affects mass transfer, or in other words, diffusion in a
medium. Thus, it affects for example the reaction kinetics in solutions.

Macroscopically, viscosity is a friction force quantity caused by molecules’ direc-
tional movements past each other in a fluid. Microscopically, viscosity depicts the
energetics associated with molecular interactions. To make a fluid flow, energy
must be brought into the system, so that the attractive forces between molecules
are surpassed. These attractive forces influence, for example, the vaporization
enthalpy and surface tension.

2.1 Newtonian fluid viscosity

Let us assume the fluid to be flowing evenly into a direction x, as in figure 1.
Additionally, assume the fluid to be composed of plates such as in the picture,
both with surface area A. The plates are moving tangentially to their surface into
positive or negative x direction.

In 1678 Isaac Newton published a rule for a simple shear flow: "the resistance
caused by the lack of slippiness between parts of the liquid is directly propor-
tional to the velocity at which the parts of the liquid are separating from each



Figure 1: According to Newton’s postulate, the force F caused by the movement
of the upper plate per area A is directly proportional to the welocity gradient
V/y=cut velocity. The proportionality coefficient is called the Newtonian viscosity

or dynamic viscosity p (see equations 3 and /).

other.” This "lack of slippiness” is now called dynamic viscosity, or the viscos-
ity coefficient. The coefficient can be defined by examining a flow between two
collinear plates (figure 1).

When the upper plate experiences a tangential force F', the plate begins to move
at a constant velocity v. Thus the fluid is being sheared and it starts to move at
a shear velocity inversely proportional to the viscosity of the fluid. To keep the
movement constant, a force F' must be directed at the plate, and its value per
unit area is called the shear stress, o:
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where A is the surface area of the plate. The units for o, [o]= 25 = Pa are used.
The velocity gradient, with which fluid layers like in figure 1 are moving, is called
the shear velocity #. Infinitesimally

where dv is the difference in velocity between the plates or layers of fluid and dy
the distance between the plates. According to Newton’s postulate, the viscosity
coefficient 7 is the ratio of shear stress and shear velocity needed for a constant
velocity of a plate.



where o and 4 are the same quantities as before and [n|= 5—“1 = Pa - s. Typi-
cally all fluids with small enough molecules behave according to Newtonian fluid
mechanics. Newtonian fluids are for example water and glycerol. According to

equation 3, the Newtonian shear stress can be written as
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Figure 2: A pseudoplastical polymeric solution’s a) viscosity against shear velocity,

b) shear stress against shear velocity, c) viscosity against shear stress.

2.2 Non-Newtonian fluid viscosity

A great number of fluids do not obey Newton’s fluid mechanics (equation 4).
Fluids with nonlinear viscosity coefficients are called non-Newtonian fluids. Non-
Newtonian viscosity is a function of temperature and pressure, and also shear
velocity or time.



Non-Newtonian behaviour can be commonly observed for polymeric solutions
and fluids. The viscosity of a very dilute polymeric solution in a Newtonian fluid
is Newtonian, and therefore constant. On the other hand, Newtonian behaviour
has been observed also for larger polymeric molecules with shear stresses under
0.01 &.

m

Generally, liquid polymers, polymeric solutions and many colloidal systems be-
have pseudoplastically, or “shear-thinningly” and their viscosities decrease as the
shear velocity is increased. Pseudoplastical liquids have a typical behaviour of
their viscosity changing as a function of the shear velocity, which can be ob-
served from the graph in figure 2a).

From the viscosity graph in figure 2a), it can be seen that at very small and at
very large shear velocities, viscosity stays nearly constant. These two regions are
called the first and second Newtonian regions of a pseudoplastical liquid. Exper-
imentally, these two regions are almost always very hard to achieve and most
commercial viscometers can only detect the region of exponential dependence
between them. In addition to shear-thinning, also elastic thickening and thinning
can be observed for polymeric solutions, and other viscoelastic phenomena, which
all make it more difficult to determine molecular masses for polymeric systems.

2.3 Viscosity’s dependence on concentration and molecular mass

In a polymeric solution, the viscosity grows as either concentration or molecular
mass increases. In an infinitely dilute solution, the viscosity nears the solvent’s
viscosity 1
n=ns(1+ [nle+ kP +..). (5)
The coefficient [n] is called the limiting viscosity and
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is the specific viscosity. According to equation 7, the specific viscosity ng, is
proportional to the ratio of the velocity of the dissolved polymer v and the velocity
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of the solvent V. Thus n, is a colligative property that depends on the amount of
the dissolved polymer. In equation 7, C'is a parameter depending of the polymer’s

geometric form, which for spherical objects gets the value %

Flory and Fox proposed in 1951 that for an extremely diluted polymeric solution,
the limiting viscosity is proportional to the third power of the polymer radius of
inertia and inversely proportional to the molecular mass, which gives for the total
molecular mass dependence, ideally, [7] o< v/M. Flory and Fox also assumed the
hydrodynamic effects of the polymer’s spatial coordinates to equal those of a
spherical empty shell. The Flory-Fox model has later been replaced with the so-
called Mark-Houwink model, in which the mean molecular mass of the polymers,
M can be determined from the limiting viscosity by

[TI] = KMa? (8)

where K and a are parameters dependent of the polymer, solvent, and the tem-
perature. The parameter a depends on the polymer’s conformation and ideally
a ~ 0.5. Typically, for polymer-solvent-pairs, a varies between values of 0.5 and
1.0, and K between 10~% and 1077 (see table 1). The empiric equation 8 is usually
called the Mark-Houwink or Mark-Houwink-Sakurada equation. For styrofoam-
N-buthyl benzene, the behaviour of the solution’s viscosity depending on the
polymer concentration can be seen in figure 3a). The shear thinning behaviour
can be seen from the figure: viscosity decreases as the shear velocity is increased.
An example of determining the limiting velocity can be seen in figure 3b). The
polymer’s molecular mass can be determined from the Mark-Houwink equation
when the parameters ¢ and K are known. Some known parameters are given in
table 1.

2.4 Polymers

One of the important characteristic parameters of polymers is their molecular
mass. Many physical properties can be explained through the mass or shape dis-
tribution curve. By measuring the limiting viscosity, the molecular mass or the
hydrodynamic radius of inertia can be determined. The polymer used in this lab-
oratory work, polyvinyl chloride, is linear, which means that the macromolecule
has been formed by monomeric units forming a linear chain that has no branches.
Even though the chain is called linear, in the solution it tangles up into a spher-
ical cluster resembling a ball of string. The ball’s radius depends on the solvent
used, because it affects the form the polymer will take in the solution, and to
what extent the solvent penetrates or sticks onto the polymer. Determing the



Table 1: Mark-Houwink parameters for different polymeric solutions

Polymer Solvent K [C’;s] a temperature [°C]
Styrofoam benzene 9,5 x 1073 0,74 25
Styrofoam toluene 3,8 x107° 0,63 25
Styrofoam decalin 5,68 x 107* | 0,523 20

Polyisobuthylene benzene 8,3x 1072 | 0,50 23
Polymethyl
metacrylate (PMMA) benzene 0,94 x 107 | 0,76 25
Polyvinyl chloride (PVC) cyclohexanone 0,11 x 1073 1,0 25
Cellulose acetate acetone 1,49 x 10~° | 0,82 25
Polyvinyl alcohol! water 0,02 1,0 25
Polyvinyl alcohol? water 0,30 1,0 25
Polyvinyl alcohol® water 0,14 0,60 25
countless proteins guaninide HCI 7.2 x 1073 0,66 -
+ HSCH,CH,OH
M = (0,6 —2,1) x 10*
M = (0,9 —17) x 10*
SM=(1-17) x 10

radius is made difficult by the fact that the polymer in the solution is not neces-
sarily spherical, but it can also be flattened from its "poles” or formed distorted
in some other way. Another problem in the measurements is that the polymer
chain length varies. Solutions in which the polymers aren’t homogenic (monodis-
perse), but instead have a distribution of different molecular masses, are called
polydisperse solutions. The viscosity of a polydisperse polymer solution depicts
the mean of the polymer’s molecular masses and sizes.

Measuring the viscosity gives out the polymer’s viscosity-averaged molecular mass
M,. This differs from the averaged-amount-of-substance determined molecular
mass M,,, which can be determined for example by measuring the osmotic pressure
of the polymer solution. It has been shown that for a polyvinyl alcohol dissolved
in water in 25°C', the ratio of these two molecular masses is

M,
M,

= 1.89. (9)
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Figure 3: a) A typical concentration dependence for a styrofoam’s specific viscosity
(Mgyr = 4,11 x 10° L solvent N-buthyl benzene). b) Determining the limiting
viscosity from data, which can be done by extrapolating the linear fit of the data

points to a concentration of zero (¢ = 0).

2.5 Measuring viscosity with the capillary viscometer

In a capillary viscometer the solution is driven with a pressure difference through
a thin cylinder capillary. In measuring the viscosity, the flow of the solution must
be laminary. In a laminar flow the flow lines are parallel, and the flow profile is
parabolic in that the molecular velocity gets smaller when closer to the capillary
walls. It is called a turbulent flow if there are swirls or vortices in the flow.
Characteristic for a flow is the Reynold value R.

dvp
rR=27 10
7 (10)

where v is the mean velocity of the substance, d the diameter of the capillary and
p the density of the fluid.

When R < 100, the flow is usually laminar. For a Newtonian fluid, the stream
velocity is described by Poisseule’s equation
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dV _ 7r7a4<p _ po)

dt 8z — ) (11)

where 7 is the viscosity coefficient, and V' the volume of the fluid that flows
through a straight tube with a radius r in a time unit. The fluid in the tube
is driven by the pressure difference (p — po) through the distance (x — xq) (the
length of the tube). In this laboratory work, an Ostwald-type capillary viscometer
is used. The driving force in the capillary is gravity and therefore the pressure
difference is proportional to the fluid density p:

p—po = pg(r — x0). (12)

For the viscosity coefficient, after integrating equation 11

mrig
= —Zpt, 13
n= g P (13)
where V' is the volume flown in time ¢. This equation is valid for ideal capillaries,

and can be more generally written as

n=Cpt, (14)

where C' is a constant characterized by the measuring arrangement used, de-
pending on the properties of the capillary, such as diameter, for example. The
arrangement constant is defined for each capillary by calibrating it with liquids
with known viscosities. In extremely sensitive measurements, a correction term
caused by the momentum of the moving liquid, the so called kinetic energy cor-
rection term must be added into equations 13 and 14.

When measuring the limiting viscosity needed for the determination of the molec-
ular mass, the relative viscosity 7, gotten from equation 14 can be used.

n pt
Nrel = — = —» 15
“ mo o poto (15)
and from this the specific viscosity
Nsp = Nrel — 1. (16)

When it is known that



[n) = lime—o=~, (17)

the limiting viscosity can be determined from a plot of ”?p against concentration,
at ¢ = 0.

3  Experimental methods

In this laboratory work, a polyvinyl chloride is dissolved into water and its
viscosity-averaged molecular mass M, is determined at T' = 298 K. Determining
the molecular mass is done by measuring the viscosities of differingly concen-
trated polyvinyl alcohol (PVOH) solutions with the Ostwald viscometer, where
the solution is driven by gravity through a thin capillary.

3.1 Preparations

Heat the thermostatic bath to 298 K. Rinse the viscometer first with water and
then acetone. Before measurements, let the acetone vapourize out of the vis-
cometer. Because the PVOH tends to stick on glass surfaces, all glass equipment
must be washed with water and acetone, as previously, before every measure-
ment. Attach the viscometer from its wider tube vertically into the bath with
frame support and clamps. The lines in the narrower part of the tube (where the
measurement is done) must be underwater.

The basic solution, a 5 725 PVOH solution can be found in the reagent cupboard.
Filter the needed amount of it through filtering paper and dilute the solutions
for measurements from the filtered basic solution. The concentrations for the
dilutions are 1, 1.5, 2, 2.5, 3, 3.5, 4 and 5 z%;. The dilutions should be mixed
thoroughly, but carefully, to avoid foaming.

3.2 Measurements

First measure the flow time of ion exchanged water. Pipette 2 ml of water into
the viscometer’s wider tube. Let the water in the viscometer temper into 298 K
and lift the surface of the water in the narrower tube above the upper line with
a pump. Remove the pump and measure the time it takes for the water to cross
the path between the two marked lines. Repeat the measurement three times.



Repeat the same procedure for every solution, starting from the most dilute one.
Do three repeats for every solution. After measurements, clean the viscometer
with acetone and measure the flow time of water. If it’s greater than before the
PVOH measurements, clean the equipment until the flow time is equal to that of
before the measurements.

4  Analysis and report

Determine the PVOH solution’s viscosity-averaged molecular mass through equa-
tions 15-17 and by assuming that in dilute solutions pyater =~ ppvon. Errors must
be included and calculated using basic error propagation laws. As an appendix, a
figure of a plot from which the viscosity was determined must be added (a simi-
lar picture can be found in Atkins’ book). Compare the molecular mass you have
determined to the approximate one given on the side of the basic solution bottle.
Discuss possible deviations and error. Why is the molecular mass determined so
indirectly, in a "difficult” way?
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