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Intrinsic Viscosity

Introduction


One of the most precise measurements in polymer science is also the simplest and cheapest.  Intrinsic viscosity, which is measured from the flow time of a solution through a simple glass capillary, has considerable historical importance for establishing the very existence of polymer molecules.  It also provides considerable physical insight. In this lab, each group will study the intrinsic viscosity of hydroxypropylcellulose, a common polymer derived from cellulose--hopefully at a different temperature.  

Viscosity in general


For a discussion of viscosity, refer to the "HowTo" document on using the Wells-Brookfield cone and plate viscometer.  The viscosity measured in a capillary viscometer is not obtained at a defined shear rate.  Of several fixes to this problem, the simplest is simply to ignore it.  This amounts to assuming that the fluid is Newtonian over the entire range of shear rates encountered by the fluid as it passes down the capillary.  

The Ubbelohde capillary viscometer
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The most useful kind of viscometer for determining intrinsic viscosity is the "suspended level" or Ubbelohde viscometer, sketched below:  

The viscometer is called "suspended level" because the liquid initially drawn into the small upper bulb is not connected to the reservoir as it flows down the capillary during measurement.  The capillary is suspended above the reservoir.  In conjunction with the pressure-equalization tube, this ensures that the only pressure difference between the top of the bulb and the bottom of the capillary is that due to the hydrostatic pressure--i.e., the weight of the liquid.  Other designs, e.g., the Cannon-Fenske viscometer, do not provide for this, and will give erroneous results in an intrinsic viscosity determination.  Such viscometers are useful in other experiments--e.g., checking the stability of some polymer solution, where one is only interested in measuring a change in the flow time.  

Use of the Ubbelohde viscometer


The theory of the viscometer is relegated to Appendix I.  For now it is sufficient to accept that a capillary viscometer measures a viscosity as defined in the Wells-Brookfield handout, although no parallel plates or force determinations are involved.  Capillary viscometry is conceptually simple:  the time it takes a volume of polymer solution to flow through a thin capillary is compared to the time for a solvent flow.  It turns out that the flow time for either is proportional to the viscosity, and inversely proportional to the density.  
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We define the relative viscosity to be the ratio 
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.  Thus, to a very good approximation, the relative viscosity is a simple time ratio:  


[image: image5.wmf]solvent

n

sol

rel

t

t

/

'

=

h


We also define a "specific viscosity" to be the fractional change in viscosity upon addition of polymer:  
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  (Unitless)

Both rel and sp depend on the polymer concentration, so to extract the "intrinsic" properties of the polymer chain itself, one must extrapolate to zero concentration.  Measuring at zero concentration (c=0) would be useless, but this concept of extrapolating to c=0 is very important in polymer characterization and in thermodynamics generally.  The two quantities that are commonly plotted vs. concentration and extrapolated to c=0 are sp and c-1ln(rel).  A typical plot is shown below--real data taken in our lab.
  


Note that both plots have the same intercept, which is called [, the intrinsic viscosity.  
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Exercise:  prove the second relation in the above equation--i.e., that [obtained from 
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 vs. c plots is identical to [obtained from 
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The units of [] are inverse concentration.  Intrinsic viscosity has "grown up" around some fairly unconventional units regarding concentration.  The most commonly used concentration is g/dL (grams per 100 mL) so [] is usually expressed as dL/g.  As suggested by the units, [] represents essentially the volume occupied by a polymer per unit mass:  
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where M is the polymer molecular weight.  Thus, []-1 is approximately the concentration within the polymer, or the "overlap concentration".  At concentrations exceeding about []-1 polymer molecules will touch and interpenetrate.  The "semidilute" regime of polymers begins here.  More importantly for our purposes is the scaling relationship between [] and molecular weight:  
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(Mark-Houwink Relationship)

Thus, log-log plots of [] against molecular weight have the intercept log(K) and slope a.  The slope contains information about the shape of the molecules:

· a = 1/2 ( flexible polymer chain in "ideal" solvent

· 0.5 < a < 0.8  ( flexible polymer chain in "good" solvent (excluded volume limit)

· a > 0.8  ( "stiff" chain

A given chain in any good solvent will have the same [].  In that sense, [] really is a property intrinsic to the chain--but only inasmuch as the polymer conformation is partly determined by the solvent.  The intrinsic viscosity of a given chain will also be the same in all its Theta solvents.  However, the [] value of a chain in a Theta solvent will differ from that in a good solvent.  If a polymer is measured in two solvents that induce very different conformations (e.g., a helix in one solvent and a random coil in another) then [] may differ dramatically.  

The classic way to make a Mark-Houwink plot for shape determination involves preparation of sharp fractions of different and well-known molecular weights.  A simple log-log plot then determines the a parameter and the shape.  Such a plot
 is shown below:


A more modern way to generate Mark-Houwink plots is to couple a GPC apparatus to an on-line intrinsic viscometer.  Ideally, one uses three detectors (concentration detector, light scattering detector and intrinsic viscosity detector).  The first two determine molecular weight absolutely, while the third provides [].  In principle, each slice eluting from the columns contains nearly monodisperse polymer, which flow past the three detectors.  Unfortunately, this monodisperse preparation does not arrive at each detector simultaneously; measurements in the viscosity detector must be compared to somewhat earlier measurements in the light scattering detector, and both must also be time-aligned to the concentration detector.  It seems that getting this lag time--the interdetector "alignment" problem--is tricky.  As a result, Mark-Houwink parameters from triple detectors are not always very robust.

Guidelines for use of the Ubbelohde viscometer


One must first select the viscometer and then the initial concentration.  There are no hard and fast rules, but these guidelines are helpful:

· The flow time of the pure solvent should exceed 100 s

· The flow time of the most concentrated polymer solution should be 2-3 times longer than that of the pure solvent.  For hydroxypropylcellulose (M=60,000) about 0.3 g/dL should be OK.  For dextran (M=180,000) about 1.5 g/dL should be OK.  

· You must know the minimum amount of fluid required to operate the viscometer.  

· Add that much of the most concentrated solution (OK to round the amount upward to get an even number of mL).

· Plot as you go.

· Keep diluting the solution until:

a) Your plots straighten out and give nearly identical intercepts (i.e., you should build your plot as you go.  This is true of most experiments.)

b) Your flow time is, perhaps, 10%-20% over the solvent flow time.  If you are very precise, you can go lower still.  

In a real polymer analytical laboratory, definite procedures can be worked out eventually.  Such method development is a laborious process, and one should expect to have several "failures" if given a new polymer/solvent system.  

Stepwise use of the Ubbelohde viscometer

Refer to the diagram of the viscometer at the beginning of this document.  

Step 1.  Set the temperature bath to the desired temperature (0.05 oC.  (Temperature stability is probably more important than accuracy, unless you are trying very hard to work at a Theta temperature.  Then even better temperature control may be required.)  

Step 2.  Determine the solvent flow time.  
a. Load the viscometer (pre-cleaned!) with solvent and place it in the temperature regulating bath.  Allow about 10 min for equlibraition.  

b. Most of the fluid resides in the big bulb.  To draw it up through the capillary, place your finger over orifice "A" and apply suction (using a bulb) to orifice "B".  Note that air pressure keeps the fluid from rising into the pressure equilibration arm, "C".  

c. After the fluid has passed both of the indicator lines, "D", release the suction from "B" while maintaining orifice "A" closed.  Now release orifice "A", too.  What little fluid had worked its way into the pressure equilibration arm "C" should quickly flow back to the reservoir, leaving the liquid in the capillary and top bulbs suspended.  It is important that liquid in the arm "C" be eliminated before the fluid in the bulb crosses the first marker.  It is also very important that there be no bubbles in the capillary or bulbs.  If bubbles are present, hold your finger over orifice "B" to prevent flow until they go away.  When the bubbles are gone, use a stop-watch to measure the time between the meniscus crosses the first and second markers, ”D".  

Step 3.  Repeat the above determination at least 2 times until no more than 0.2 s deviation is found.  

Step 4.  Drain the viscometer of any solvent and dry thoroughly.  A good way to do this is to place the viscometer in a vacuum oven.  It is unwise to place them in a hot oven, as they sometimes break due to unrelieved stresses acquired during manufacture.  It is also OK to dry them with filtered air or nitrogen.  Be advised that the capillary is smaller than it looks (the tube provides a magnifying, cylindrical lens).  It's fairly easy to get something stuck inside the capillary--and it can be very hard to get any foreign object out!  Piano wire helps.  

Step 5.  Put a known volume of your most concentated solution into the viscometer.  This should be the minimum required to operate the viscometer, rounded upward to some even number of mL.  (If the solution is "cruddy" then it is sometimes advisable to filter it--choose a big filter size like 1.0 m to avoid losing polymer--before loading into the viscometer).  Allow temperature equilibration again.  Measure the flow time as an average.  If it exceeds the flow time of the pure solvent by a factor of 2-5 then good.  If not, empty the viscometer and adjust your initial concentration accordingly.  

Step 6.  Repeat flow time measurements on your solution until the standard deviation is ( 0.2 s.

Step 7.  Add a known volume of solvent to the viscometer, and re-homogenize the solution by blowing bubbles through the capillary or sidearm.  Use filtered air if you press air through the capillary!  After allowing for temperature equilibration, measure the flow time of the diluted solution.  If you are dealing with a volatile solvent, the air should be solvent saturated before you blow it into the reservoir.  (i.e., bubble it through a side-arm flask containing the pure solvent first).  

Step 8.  Continue in this fashion until about 5-6 concentrations have been measured.  You may have to take out some solution to add more solvent.  One way to do this is pour it all out and reintroduce a known amount, but this is not the best way (why?).  It is better to withdraw known volumes with a pipette (make sure the pipette doesn’t dissolve in the solvent, if using plasticware).  Failing that, use a syringe and insoluble tubing, then weigh the amount removed and convert to mL using density of the solution (close to solvent density, usually).  
Here is a potential dilution scheme that works for some of our lab viscometers that take 7 mL minimum solvent:

· Introduce 7.0 mL solution (Cmax)

· +3 mL solvent (0.7 Cmax)

· +4 mL solvent (0.5 Cmax, but viscometer now full)

· Empty carefully

· Reintroduce 7.0 mL solution

· +3 mL solvent (0.7 x 0.5 = 0.35 Cmax)

· +4 mL solvent (0.5 x 0.5 = 0.25 Cmax)

· Empty carefully

· Reintroduce 5.0 mL solution

· +5 mL (0.125 Cmax)

Here is another potential scheme that might be slightly better (why?)

· Introduce 7.0 mL solution (Cmax)

· Remove 2.0 mL and replace with 2.0 mL solvent (5Cmax/7 = 0.714 Cmax)

· Remove 2.0 mL and replace with 2.0 mL solvent (25Cmax/49 = 0.510 Cmax)

· Remove 2.0 mL and replace with 2.0 mL solvent (125Cmax/343 = 0.364 Cmax)

· Remove 2.0mL and replace with 2.0 mL solvent (625Cmax/2401 = 0.260 Cmax)

· Remove 4.0 mL and replace with 4.0 solvent (0.4 * last value = 0.104 Cmax)

Step 9.  Plot 
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 vs. c.  Actually, you should PLOT AS YOU GO!  If the plot is not linear, try to dilute the sample further.  You may have to withdraw some fluid from the viscometer--a known amount--before adding more solvent.  

Step 10.  Make linear least-squares fits to each curve.  The intercepts from either 
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 plot should be the same, within error.  

Step 11.  The slopes of your two plots follow a relationship given in Flory 1954.  If you did the experiment correctly, they will--it's a mathematical certainty. The two plots have these equations: 
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Compare k’ to k’’ and see if you get Flory’s relation!

Reporting Tips (for students taking a lab course,  you will be prompted to show some results in a homework set for the integrated lab/lecture course)

· Use Excel to show your times, generate average values and standard deviations.

· Make both the necessary plots in Excel.  You can save an Intrinsic Viscosity template!  

· In Origin, it's easy to give the plots proper error bars, using those standard deviation data you got from Excel.  

· Report [] as the average of the intercepts of the two plots.  

· Report ( the uncertainty in [] as half the difference.  

· Report whether or not your plots follow the slope relationship given in Flory 1954.  The two slopes are mathematically related!  
· Appendix 1.  Basic Relations for Capillary Viscometry

Here is presented the basic relation of capillary viscometry, which is known as Poiseulle's law.  There is an acceptable derivation in Tanford's text.
  The result is:  
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(Poiseulle's Law)

where:

· Q is the volumetric flow rate through the capillary in cm3/s; 

· P is the pressure head forcing the liquid through the capillary (usually, just the hydrostatic pressure of the liquid itself); 

· R is the radius of the capillary;

· l is the length of the capillary; and, 
· is the viscosity

Exercise:  from Poiseulle's law, compute the units of viscosity.  

The bulb volume in the Ubellohde viscometer is fixed.  Thus, the flow rate, Q, is just inversely proportional to the time between marks.  Since P is usually the hydrostatic pressure, which is proportional to the density of the fluid, we have:  
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This simple relationship is the "ideal gas law" of capillary viscosity (i.e., you should remember it!).  On its validity rests many of the basic tenets of our science.  

Appendix 2.  Kinetic Energy Corrections

The Poiseulle equation does not consider one factor:  the pressure drop due to the motion of the fluid itself.  The necessary adjustment is called the "kinetic energy correction."  If this factor is taken into consideration, the revised Poiseulle relation has the form:  
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The parameters A and B are constants of the particular viscometer, and can be determined by plotting t) vs. 1/t2.  Such data are most easily gathered by making flow rate measurements for a common solvent, such as acetone or water, as a function of temperature.  The temperature dependent viscosity and density are readily found in tables (e.g., check Beilstein).  Once A and B are determined, then one may correct the polymer data for the kinetic energy effect.  For example:  


[image: image21.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

÷

÷

ø

ö

ç

ç

è

æ

-

=

2

2

'

'

'

1

1

solvent

solvent

solvent

n

sol

n

sol

n

sol

rel

At

B

t

A

At

B

t

A

r

r

h


Because of the t2 dependence, the corrections clearly become important for short flow times.  This leads to a practical rule in selecting a viscometer:  

Always choose a viscometer with a solvent flow time of at least 100 s.  It is probably wise to try for > 150 s.  

Failure to make a proper viscometer selection will require that a kinetic energy correction be made…not difficult, except for the tedium of determining the parameters A and B.  If the viscometer parameters A and B are ever determined for a given viscometer, they should be saved!  When viscosity data are presented in a manuscript, the careful worker will always tell the solvent flow times and state whether or not the kinetic energy corrections were made.  
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� Observations of a Porous Gel Structure in Poly-p-phenylene-benzobisthiazole/97% H2SO4,  P. S. Russo, M. J. Saunders and F. E. Karasz, Macromolecules, 19, 2856-2859 (1986).





� Self Diffusion of Rodlike Polymers in Isotropic Solutions, Z. Bu, P. S. Russo, D. L. Tipton and I. I. Negulescu, Macromolecules, 27, 6871-6882 (1994).  This plot shows the not-so-rosy picture from several laboratories, spanning perhaps 40 years of study.  Note that it curves, and is not described by a single power law, as Mark-Houwink suggests, but by a range of exponents a.  


� See articles in Chromatographic Characterization of Polymers--Hyphenated and Multidimensional Techniques, ACS Advances in Chemistry Series 247, T. Provder, H.G. Barth, M.W. Urban, eds. American Chemical Society:  Washington, DC 1995.  


� Physical Chemistry of Macromolecules, pp. 329-332.  See also D.K. Carpenter's article in "Polymer Molecular Weights", P.E. Slade, ed. Or J.F. Rabek's text:  Experimental Methods in Polymer Chemistry.  
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