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Viscosity of Dilute and Moderately Concentrated

Polymer Solutions
S. G. Weissberg, Robert Simha, and S. Rothman

The viscosities of solutions of three polystyrene fractions in three solvents of varying
solvent power were measured at two temperatures. The relative viscosities of the systems
investigated ranged from 1.03 to 43.

The applicability of two empirical expressions for the concentration dependence, namely
the Martin equation and the Baker relation, is examined. In addition, the results are
represented by means of polynomials of suitable degree. The numerical procedures for the
evaluation of the coefficients are discussed in detail. In the concentration range investigated,
the introduction of a reduced concentration scale S=[g]e, places the viscosity-concentration
curves for different molecular weights in the same solvent on a more nearly common scale.
This scale, S, is simply related to another reduced scale ¢/c;. Here ¢, represents the concen-
tration at which the equivalent spheres of the coiling molecules, as defined at infinite dilution,
would just begin to overlap. At ¢/cy << 1, the concentration dependence can be described
in terms of hydrodynamic interaction. This interaction involves single molecules and can
also involve the intrinsic viscosity and interactions of aggregates of low order. An attempt
is made to deduce from the viscosity data and on the basis of certain hydrodynamic results,
the equilibrium constants and relative populations of such aggregates. Reasonable values
are obtained. On approaching ¢, the average volume available to a chain molecule in a
good solvent is reduced because of the cage formed by its nearest neighbors. The effective
pressure is just the internal osmotic pressure. Thisleads to an expression for the concentra-
tion dependence of the viscosity, in terms of the virial coefficients of osmotic pressure,
molecular weight, and size. These equations are shown to be in satisfactory agreement with
the experimental data.- In particular, in the neighborhood of ¢, one obtains reasonable

values for the molecular extension factors of the chain.

1. Introduction

A knowledge of the viscosity of a polymer solution
and its dependence on such variables as temperature,
nature of solvent, concentration, and molecular
weight of solute is of technical and scientific impor-
tance. A large amount of effort has been devoted to
theoretical studies of the intrinsic viscosities of both
compact and flexible macromolecules. This work
has been successful in that it is possible to deduce
from these theories, in conjunction with the proper
measurements, the dimensions of the solute mole-
cules. Furthermore, the dependence of the intrinsic
viscosity on thermodynamic conditions and on mo-
lecular weight has been examined for a variety of
polymer-solvent systems. Thus we have a rather
adequate picture of the behavior of the isolated
molecule in solution.

The relation between viscosity and concentration
becomes much more complicated when, with increas-
ing concentration, the molecules begin to interact
with each other, first through hydrodynamic inter-
action, that is a long range effect, and then by form-
ing actual contacts, aggregates, and networks. Again
there are available some theoretical treatments and
a number of experimental investigations of the con-
centration dependence of the viscosity together with
empirical expressions to describe this dependence.
However, in few of the experimental studies have the
effects of molecular weight or solvent power on the
behavior in the moderately or highly concentrated
range been critically examined. Although represen-

! Presented at the Twelfth International Congress of Pure and Applied
Chemistry, New York, N. Y. (Sept. 9 to 13, 1951).

tation by equations of a prescribed type with two or
three available parameters may be useful as an over-
all interpolation formula, such representations are
not always readily amenable to physical interpre-
tations.

In this paper, the results of precise measurements
of moderately concentrated solutions (up to 9 g/dl)
of three polystyrene fractions in three different sol-
vents are described. The data are expressed ana-
lytically by means of customary empirical expres-
sions, as well as by power series developments in the
concentration, in order to seek theoretical conclu-
sions. In section 2, the experimental procedures and
the materials used are reviewed. In section 3, the
experimental results are tabulated, and in section 4
they are described in terms of various concentration
functions. The numerical procedures for evaluating
the power series expansions are discussed in detail in
section 5 and the results given. In the last section a
discussion of the physical aspects, together with
certain theoretical relations is presented.

2. Experimental Procedure

Materials; purification. Three fractions of poly-
styrene were selected from a set of fractions that had
been prepared from styrene polymerized in bulk
without catalyst at 120° C. The polymerization was
nearly complete in 48 hours. We are indebted to
A. N. Roche, of the Dow Chemical Co., for preparing
this sample of polystyrene. The unfractionated
polymer was purified and made homogeneous before
its use by twice precipitating it in a large volume of
methanol from a benzene solution. The precipitate
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was redissolved in benzene and placed under reduced
pressure (<1 mm Hg) at approximately —10° C.
After practically all the volatile materials were
removed, the polymer was raised to room tempera-
ture and kept under reduced pressure until there was
no further loss of volatiles. The remaining material
was a white, foamy, homogeneous mass.

The solvents employed were once distilled labora-
tory stock. The mixed solvent, 90-percent methyl
ethyl ketone (2-butanone) and 10-percent isopropyl
alcohol, was prepared volumetrically at 27.2° C. The
physical constants of the solvents are given in table 1.

TasLe 1.  Physical constants of solvents
Density Kinematic viscosity
Solvent
30°C 48.2°C 30°C 48.2°C
Oenti- Centi-
g/ml g/ml stokes stokes
Holzenate 0o S SEe 0.857 0.839 0. 608 0.510
Butanone._....._._.. . 794 L776 . 450 . 391
Mixed solvent_____.. . 792 L7713 . 484 .412
Fractionation. A predetermined quantity of iso-

propyl alcohol was added dropwise at 30°C to a 1-per-
cent solution in butanone of the unfractionated poly-
mer. The slightly cloudy system was then heated to
approximately 60°C, or until complete solution
occurred. It was then cooled slowly to 30°C and
held at this temperature +0.02°C until the precipi-
tate had settled. The precipitate was redissolved in
a small quantity of butanone and the solution centri-
fuged to remove all insolubles. The polymer was
reprecipitated by adding the clear solution in a thin
stream to a large quantity of isopropyl alcohol.
Material that remained suspended in the liquid was
separated with a Sharples supercentrifuge. The
fraction was dried under reduced pressure at room
temperature. It was redissolved in butanone to
form a 1-percent solution. The entire fractionation
procedure was then repeated, using this first broad
fraction. Five narrower fractions resulted from this
second fractionation. The highest molecular weight
of these five subfractions (1.1) was used for these
measurements. In addition, two singly precipitated
fractions, 3.0 and 5.0, were used. The molecular
weights of these fractions as given in table 2 were
estimated by linear extrapolation of a differentiated
curve of osmotic pressure versus concentration.
The measurements of osmotic pressure were made
by G. A. Hanks, of this laboratory, using a small
static equilibrium osmometer. Thedescription of this
instrument designed by G. A. Hanks and one of the
authors (S. G. Weissberg) will be given elsewhere.

TaBLE 2.  Molecular weights
Fraction M
600, 000
_| 146,000
58, 000

Viscosity measurements. The viscosity measure-
ments were made in calibrated Ubbelohde suspended
level viscometers, similar to those used previously
in our laboratory [1, 2].? The reservoirs of these had
been enlarged to hold approximately 100 ml of
liquid without disturbing the suspended level. This
modification makes possible dilutions within the vis-
cometer. The constants of the instruments used are
summarized in table 3. The solutions of highest
polymer concentration were prepared volumetrically,
but the dilutions were performed in the viscometers.
When the capacity of the instrument was reached,
an aliquot of solution was transferred to another
viscometer and the measurements were continued.
At each transfer point, viscosity measurements were
made in both instruments to ascertain that there had
been no concentration change in the transfer. In
this manner it was possible to cover an entire con-
centration range with a single master solution.

For measurements of very dilute solutions, below
relative viscosities of 1.2, a special Ubbelohde sus-
pended level viscometer was made for which all cor-
rections, including those for kinetic energy, were
negligible. The small bore capillary of this viscom-
eter, however, was easily clogged and therefore
weighed amounts of filtered liquid were transferred
to the instrument [3]. Most measurements of the
toluene system at 30°C were made so as to have data
from more than one viscometer in any given concen-
tration range. This overlapping served as an inter-
nal check on the precision of the measurements, and
as a measure of the extent of deviation from New-
tonian flow, since the shearing stresses at the walls
of the several capillaries varied by a factor of three.
The fact that the overlapping portions were all con-
tinuous may be regarded as evidence that the devia-
tions from Newtonian flow for the solutions studied
are so small that they can be neglected. Some
measurements made with a Bingham viscometer, in
which the pressure could be varied over a range of an
atmosphere, showed the deviation from Newtonian
behavior to be less than 1 percent for a 3.5-percent
solution in toluene in a viscometer in which the
shearing stress at the capillary wall was 25 dynes/
cm?, corresponding to a velocity gradient of 140 sec™!.

The viscometers were adapted to operate in a
closed system [2]. The temperature of the thermo-
stated water bath was kept constant to 40.02°C.
Flow times were measured with a manually switched
electric stopelock graduated to 0.01 sec.

3. Experimental Results

The data obtained are shown in tables 4 to 10.
The quantities listed are defined as follows:

c¢=polymer concentration in grams per 100 ml
of solution.

n,=relative viscosity=n/n,, where 7 is the vis-
cosity of the solution and n, that of the
solvent.

2 Figures in brackets indicate the literature references at the end of this paper.
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=reduced specific viscosity=(n,—1)/c.

<’78p> (77811> (ﬂsp) Wh(%re(n”
cale. cale.

=R lce

i

The details of the ecalculation are discussed 1n

section 5.

S=Aec=[n]c,

where [5] is the intrinsic viscosity defined as lim 5,,/c.
c—0

¢, is a particular conceatration,

the physical
significance of which is discussed in section 6.

Constants for the viscometeljs used for the con-
centrations indicated are given in table 3.

TABLE 3.

Characteristics of viscometers

Vi Length | Radius fi‘lg‘eh
- anil- anil- ’ 4 2 a
G oflgigll ol‘]f;.;;xl AP rAPj2l tollgene A (e
(30° C) |
Centi-
Dynes/ stokes
cm ¢ cm? sec sec!
8.8 0.030 (1.02X10-¢ 17.4 70.82 |8.897<10% 2.02
9.0 .032 1.05 18.7 56. 59 FIES 1.79
8.8 .031 1.04 18.3 64. 53 10. 07 2. 69
10.5 .035 1. 08 18.0 (b) 19.77 0.435
10.5 050 1. 08 25.7 (b) 71.70 5.37
35.0 .020 3.12 8.9 469. 38 () ()
35.0 .021 3.12 9.4 370.76 (¢) (°)
a 5/p=At—Blt.

b Flow time too short to get precision measurements.
for concentrated solutions.
¢ Kinetic energy correction negligible.

Viscometers used only

TasLe 4.  Toluene viscosity data for molecular weight: 600,000
Temperature, 30°C Temperature, 48.2°C
c iscom- S o8 Viscom-
¢ R NaplC | Alngp/e) [,;S]c o V‘ggg, ' n Nap/Cos | Allz/0) Ile o e
g/dl dlfg dl/q g/dl di/g dfg
0.0175 1. 0358 2. 0457 0. 0216 0. 0357 0. 039 Ja 0.1414 1. 3065 2.1676 —0. 0030 0. 2783 0.310 S
0238 1.0503 | 2.1134 —. 0363 . 0486 . 053 Ja 1962 1.4376 2.2304 . 0102 . 3862 . 430 S
0375 1.0783 | 2.0880 . 0105 . 0766 . 084 Js 3199 1.7750 2.4226 —. 0098 . 6297 .701 S
0910 1.1991 | 2.1879 —. 0062 L1858 . 204 Jo 4674 2.2236 2.6180 . 0017 . 9200 1.02 R, S
3384 1.8717 | 2.5759 —. 0098 . 6908 . 759 R 5978 2.6714 2.7959 L0093 | 1.177 1.31 R
3618 1.9537 | 2.6360 —. 0334 . 7386 . 811 S 8291 3.5919 3.1262 0173 | 1.632 1.82 R
4230 2.1445 | 2.7057 —. 0075 . 8635 . 948 R 1. 0280 4. 5266 3.4305 L0165 | 2.023 2.25 R
4380 2.1771 | 2.6874 . 0344 . 8942 .982 R 1.3524 6.3789 3.9773 —.0011 | 2662 2.97 R
4824 2.3506 | 2.8184 —. 0270 . 9848 1.08 S 1.9759 11. 2265 5.1756 —.0148 | 3.889 4.33 R, Uy
5602 2.6157 | 2.8841 0303 | 1.144 1.26 R 2. 5091 18.4112 6.6989 —.0481 | 5.116 5.70 U
5640 2.6488 | 2.9234 —.0030 | 1.151 1.26 R 3. 0859 26. 0056 8.1032 —.0091 | 6.074 6.77 Uy
6367 2.9216 | 3.0181 L0181 | 1.299 1.43 G 3.7971 41, 6402 10.7030 L0502 | 7.474 8.33 U
7236 3.3361 | 3.2284 —.0521 | 1.477 1.62 S
7769 3.4871 | 3.2013 0619 | 1.586 1.74 R
8460 3.8716 | 3.3943 —.0173 | 1.727 1.90 R
9196 4.2048 | 3.4850 0148 | 1.877 2.06 ¢
1.1824 5. 6533 3.9355 0193 2.414 2.65 q
1. 2671 6.1429 | 4.0588 0493 | 2.587 2.84 R
1.3795 6. 9543 4.3163 0008 2. 816 3.09 G
1. 6554 9. 0648 4.8718 —. 0099 3.379 3.71 a
1. 8512 10. 7467 5. 2650 0149 3.779 4.15 R, U,
2. 0692 13.0331 | 5.8153 —.0343 | 4.224 4.64 G
2. 2626 15.2059 | 6.2786 —.0179 | 4.619 5.07 Us
2. 5454 19.0082 | 7.0748 —.0457 | 5.196 5.71 U
2. 9090 24,7480 8.1636 —. 0144 5.939 6. 52 U,
3.3939 34. 7996 9. 9589 —. 0479 6. 929 7.61 U,
TasrLe 5. Methyl ethyl ketone viscosity data for molecular weight: 600,000
Temperature, 30°C Temperature, 48.2°C
¢ is i =8 i - i
¢ L8 meplc | Alng,/C) [,,S]c o Viseom ¢ n Meplc | Alngp/c) [ﬁ k o b sy
g/dl dijg difg g/dl dllg difg
0. 0541 1.0558 1.0314 0. 0167 0.0552 | 0.043 [} 0. 2493 1. 2760 1.1069 0.0045 0. 244 0.187 R,8
0696 1.0735 1.0560 | —.0050 L0710 . 055 G . 3188 1.3678 1.1537 —.0042 -3l . 240 R
0975 1.1032 1. 0586 . 0123 . 0994 .077 G L4421 1. 5321 1.2035 .0146 .432 .332 R
1219 1.1339 1.0984 | —.0147 124 . 096 G 5482 1. 6958 1.2692 .0091 . 536 JA12 R
1625 1.1828 1.1249 | —.0243 . 166 .128 G L7211 1. 9855 1.3667 L0127 .704 .52 R
. 2437 1.2795 1.1471 . 0016 . 249 .192 G 1. 0535 2.7008 1.6145 —. 0281 1.029 . 792 R, U
3380 1.4032 1.1929 . 0069 .345 . 266 G 1.3694 3. 4906 1.8187 —.0154 1.338 1.03 U |
L4191 1.5173 1.2343 . 0102 . 427 .330 G 1. 9560 5. 4472 2.2736 .0016 1.011 1.47 U
5514 1.7191 1.3041 . 0153 . 562 .434 G 2.4890 7.9723 2.8012 .0039 2,432 1.87 Nt
8055 2.2024 1.4927 | —.0224 .822 . 634 G, Uy 3.4214 | 14.8777 4.0561 —.0178 3.343 2. 57 U,
9913 2. 6085 1.6226 | —.0347 1.011 .780 U 4.2099 | 24.0196 5. 4680 0008 4.113 3.16 Ui, Uz
1. 2886 3.3230 1.8027 | —.0113 1.314 1.01 U 5.2624 | 43.3556 8. 0487 0199 5.141 3.96 U,
1. 8405 5.0797 2. 2166 L0148 1.877 1.45 U,
2. 3420 7.3137 2. 6959 L0231 2.389 1.84 U
3.2193 13.2714 3.8118 . 0199 3.284 2.53 U
3.9613 21.1484 5. 0860 . 0081 4.040 313 U, Uz
4.9516 37.4558 7.3624 | —.0117 5.051 3.90 )
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TaBLE 6.  90-percent methyl ethyl ketone—10-percent isopropyl alcohol viscosity data for molecular weight: 600,000
Temperature, 30°C Temperature, 48.2°C
c iqe & S c i o
c n LR S DN e ] S s O 7 SN s O
g/dl dllg dllg gldl dlfg dl/g
0. 1081 1.0913 0.8446 —0. 0391 0. 0833 0.049 R 0. 2247 1. 2108 0. 9381 —0. 0054 0. 1964 0.115 &
. 2433 1. 2162 . 8886 —. 0155 1876 SEIT R . 4494 1. 4460 . 9924 L0115 . 3928 .232 s
. 4866 1.4792 L0846 —. 0017 . 3752 . 221 R, S . 5951 1. 6357 1. 0682 —. 0112 . 5201 .307 S
. 6436 1. 6765 1.0511 . 0067 4962 +292 i . 8805 2.0233 1.1621 . 0140 . 7696 . 454 S
. 9501 2.1332 1.1927 . 0205 7325 . 432 S 1. 1584 2. 5097 1. 3033 0083 1.012 . 597 S
1. 2470 2. 6952 1.3594 . 0160 L9614 . 567 S 1.3753 2. 9867 1.4445 —. 0137 1.202 . 709 S
1.4779 3.2109 1. 4960 —. 0045 1.139 672 S 1. 6923 3.7580 1. 6297 —. 0034 1.479 .872 S
1. 8138 4.1019 1.7102 L0115 1. 398 L824 S 2. 0308 4.7703 1. 8566 L0061 1.775 1.05 R
1. 9952 4.6569 1.8328 . 0019 1. 538 . 907 S
Tasre 7. Toluene viscosily data for molecular weight: 146,000
Temperature, 30°C Temperature, 48.2°C
S & Viscom- S i Viscom-
c Ny "lsp/c A("I“; /) [nle ¢ eter ¢ Ny Wsp/c A("Igp /¢) [nle o eter
g/dl dllg dlfy g/dl dllg dlfy
0.0433 1, 0309 0.7135 —0. 0005 0. 0305 0.034 J1 0. 1360 1. 0868 0. 6382 —0. 0022 0.0842 0. 093 J1
L0477 1. 0338 . 7083 —. 0045 . 0336 037 Jy 2042 1,1322 . 6474 —. 0029 L1264 . 140 Ji
. 0631 1, 0451 L7143 . 0023 L0445 . 049 Ji . 2856 1.1873 . 6560 —. 0013 . 1768 . 196 q, Ji
L0719 1.05617 L7194 —. 0012 . 0507 . 0566 Jy . 3491 1. 2300 . 6588 L0040 . 2161 . 240 (6]
L1013 1.0726 L7167 . 0069 L0714 079 Jy . 4488 1.3050 . 6796 —. 0042 L2178 309 G
L1155 1. 0838 . 7265 . 0007 . 0814 . 090 Jy . 5236 1. 3593 . 6862 —. 0014 . 3241 . 360 «
L1755 1.1301 L7413 —. 0040 L1237 137 Jy 6283 1.4390 . 6987 —. 0006 . 3889 .432 G
L1777 1. 1309 . 7366 0011 . 1253 .138 Ji . 7854 1. 5615 . 7149 L0034 . 4862 . 540 @, S
. 2378 1.1786 L7510 —. 0023 . 1676 .185 J1 . 9479 1. 6960 . 7342 . 0050 . 5867 . 652 S
.3042 1.2321 .7631 | —.0023 . 2145 .87 | S, J, Ja|| 1,1951 1.9124 . 7634 .0079 .7389 . 822 S
. 3891 1. 3036 . 7803 —. 0040 . 2743 . 303 S 1. 6167 2.3243 . 8191 . 0079 1.001 111 S
. 5396 1. 4370 . 8098 —. 0059 . 3804 .421 S 1. 9629 2. 7126 . 8725 L0014 1.215 1.35 S
. 6690 1. 5564 . 8317 L0041 L4716 .521 S 2. 4979 3.3781 . 9520 —. 0034 1. 546 1.72 S
L8801 1.7641 . 8682 —. 0017 . 6205 . 686 S 2. 8919 3.9190 1. 0094 —. 0037 1. 790 1.99 S
1. 0450 1. 9368 . 8964 0004 L7367 814 S 3. 4336 4.7633 1. 0960 —. 0084 2.125 2.36 S
1. 2858 2.2046 . 9368 . 0046 . 9065 1.00 R, S 4.2249 6. 1884 1. 2280 —.0128 2.615 2.91 R, S
1.4730 2. 4339 L9734 0029 1. 038 1.15 R 4.8710 7.4984 1.3341 —. 0066 3.015 3.35 e
1.7239 2.7653 1.0240 —. 0004 1.215 1.34 R 5. 7504 9. 7138 1. 5153 —. 0214 3. 559 3. 95 R
2.0779 3.2630 1.0891 L0014 1.465 1.62 R 6.1980 | 10.8846 1. 5948 —.0096 | 3.836 4.26 R
2.€149 4.1321 1.1978 . 0002 1. 843 2.04 R 6. 7212 12. 4804 1. 7081 —. 0098 4.160 4. 62 R
3.0030 4. 8283 1. 2748 0034 2.117 2.34 R 7. 3408 14. 5544 1. 8464 —. 0047 4. 544 5.05 R, Uy
3. 5262 5. 9146 1.3937 —. 0022 2.486 2.75 /49 7.9791 16. 9546 1. 9995 L0015 4. 939 5.49 Ui
4.2703 7.7051 1. 5762 —. 0051 3.011 3.33 R 8.3418 18. 4444 2.0912 0059 5.164 5.74 U,
4. 6640 8. 7200 1. 6552 . 0088 3. 288 3.63 R, U; 8. 7390 20. 2009 2.1971 L0101 5.409 6.01 U,
5.3303 10. 7928 1.8372 0070 3. 758 4.15 U, 9. 1760 22. 3435 2. 3260 0085 5. 680 6.31 U,
€. 2187 14. 2602 2.1323 —. 0190 4.384 4.85 U,
7.4624 20. 1412 2. 5650 —. 0090 5. 261 5.82 U;
8.1113 24.0575 2.8426 —. 0202 5.718 6.32 U,
8. 8838 29.1725 3.1712 . 0039 6. 263 6.92 U,
9.3280 32. 4664 3.3733 . 0236 6.576 Tl U,
Tasre 8. Methyl ethyl ketone viscosity data for molecular weight: 146,000
Temperature, 30° C Temperature, 48.2° C
S & Viscom- S 0 Viscom-
c r Tplc | Alep/C) [nle ¢ eter ¢ r sp/C Alnyp /€) [nle ¢ eter
g/dl dlfg dl/g g/dl dlfg dllg
0. 0969 1.0442 0. 4562 —0.0033 0. 0432 0.033 J2 0. 2505 1. 1008 0. 4024 —0.0023 0. 0969 0.075 J2
.1423 1. 0656 . 4610 —. 0044 . 0634 . 049 Ji . 3032 1.1228 . 4050 —. 0019 L1173 . 090 J2
L1751 1. 0801 L4574 . 0018 .0780 . 060 Ji . 3763 1.1533 L4074 —. 0002 . 1456 112 J2
. 2276 1.1041 L4574 . 0060 .1014 .078 Ji . 4817 1. 1986 L4123 . 0009 . 1864 .143 J2
. 3251 1. 1536 .4725 —. 0012 . 1448 <111 Ji . 6826 1. 2903 . 4253 . 0000 . 2642 203 J2
4137 1.1988 . 4805 —. 0022 L1843 . 142 Ji . 9554 1. 4261 4460 —. 0033 . 3697 . 284 Js
. 5686 1. 2797 4920 —. 0014 . 2532 .195 S, J1 1. 4932 1. 7120 . 4768 . 0036 . 5779 444 R
. 6997 1. 3526 . 5040 —. 0029 . 3116 . 240 R, S 1. 5398 1. 7300 . 4741 . 0097 . 5959 . 458 Ja
L8711 1. 4500 . 5166 —. 0018 . 3880 . 298 R 1.7821 1. 8939 . 5016 . 0008 . 6897 . 530 R
1. 1534 1. 6191 . 5368 0009 . 5137 .395 R 2. 2095 2. 1888 5380 —. 0006 . 8551 . 658 R
1.3766 1.7673 . 5574 —. 0009 . 6131 471 R 2.5105 2.4231 . 5669 —. 0031 L9716 .747 R
1.7067 2.0042 . 5884 0030 . 7602 . 584 R 2. 9066 2. 7564 . 6043 —. 0038 1.125 . 865 R
1.9393 2.1875 L6123 —. 0054 . 8629 . 664 R 3. 4510 3. 25569 . 6537 . 0009 1. 336 1.03 R
2.2452 2.4511 . 6463 —. 0095 1.0000 .769 R 4. 2463 4.1612 7444 —. 0032 1. 643 1. 26 Rl
2. 6657 2. 8409 . 6906 —. 0088 1.187 .913 R 4. 6156 4.6242 . 7852 —. 0009 1.786 1.37 U
3. 2801 3. 5212 . 7686 —. 0128 1. 461 1.12 R, U, 5. 05651 5. 2608 8429 —. 0048 1. 956 1. 50 U,
3.6259 3. 9555 . 8152 —. 0487 1.615 1.24 U, 5. 5873 6. 0344 . 9010 0054 2.162 1. 66 U,
4.0519 4. 5422 .8742 —. 0090 1.805 1.39 U, 6. 2446 7.2137 . 9950 . 0007 2.417 1. 86 U
4. 5922 5.4093 . 9602 —. 0073 2.045 1.57 U, 6. 6349 7.9739 1. 0511 . 0001 2. 568 1,4y U,
5. 2986 6.7122 1. 0780 0036 2. 360 1.81 U, 7.0772 8. 9146 1.1183 —. 0020 2.739 2.11 U
5. 6461 7.4664 1.1453 0049 2.515 1.93 U
6.0423 8. 3562 1.2174 0149 2. 691 2.07 U
6.4983 9. 5238 1.3117 0196 2.894 2.22 (9}
7.0288 11. 0369 1. 4280 0231 3.131 2.41 U
7.6536 13. 0931 1. 5800 0159 3.409 2.62 U,
8.4003 15,9911 1.7846 —. 0143 3.741 2.88 U,
8. 8312 17.7351 1. 8950 . 0287 3.933 3.02 U

301



TABLE 9. 90-percent methyl ethyl ketone—10-percent isopropyl alcohol viscosity data for molecular weight: 146,000
Temperature, 30°C Temperature, 48.2°C
S 2 Viscom- S e Viscom-
c n, ngplC | Alngy/c) [nle % o c My Nsp [C Alngp/€) (e & oot

g/dl dlfg dlfg gldl dljg difg
0.0555 1.0183 0.3291 —0.0028 0.0179 0.011 Ji 0. 2501 1. 0909 0.3634 0.0019 0.0878 0. 052 J1

. 0938 1. 0305 . 3251 0035 . 0303 .018 Ji . 4355 1.1649 . 3786 —. 0029 1529 . 090 J1

L1848 1. 0615 .3328 . 0010 . 0597 . 035 Ji 6083 1.2343 . 3852 . 0005 . 2135 . 126 J2

. 2408 1. 0814 . 3380 —. 0009 .0778 . 046 J2 . 9349 1.3787 . 4051 —. 0008 . 3281 .193 R, Ja

. 3509 1.1211 . 3451 —. 0018 . 1133 . 067 Jy 1. 2575 1. 5304 . 4218 . 0011 . 4414 . 260

. 4969 1.1758 . 3538 —. 0021 . 1605 . 095 Jy 1. 5196 1. 6661 . 4383 . 0001 . 5334 . 314 R

. 7282 1. 2662 . 36565 —. 0008 . 2352 .138 Jy 1.9198 1.8914 . 4643 —. 0016 . 6738 . 397 R
1.0013 1. 3826 . 3821 —. 0023 . 3234 .190 J2 2.2110 2. 0672 . 4827 —. 0016 L7761 .457 R
1.3191 1. 5270 . 3995 —. 0016 . 4261 . 251 R, J; 2. 6063 2. 3234 . 5078 —. 0006 . 9148 . 538 R
1. 5438 1. 6388 . 4138 —.0027 . 4986 . 293 R 3.1737 2.7474 . 5506 L0168 1.114 . 656 R
1. 8609 1.8101 . 4353 —. 0051 . 6011 .354 R 3.4764 2.9744 . 5679 . 0027 1. 220 . 718 R
2.0738 1. 9300 . 4484 —. 0044 . 6698 .394 R 3. 6505 3.1135 L5790 . 0055 1.281 . 754 R
2.3418 2.0979 . 4688 —. 0070 . 7564 445 R 3.7908 3.2282 . 5878 . 0081 1.331 . 783 R
2. 6893 2. 3089 . 4867 —. 0044 . 8686 . 511 R 3. 8430 3. 2766 . 5924 . 0079 1.349 . 794 R
3.1579 2.6778 . 5313 —. 0077 1. 020 . 600 R 4.1402 3. 5561 . 6185 L0074 1.453 . 855 R, U;
3.8242 3.2651 . 5923 —. 0093 1. 235 L727 R 4. 9365 4.4778 . 7045 —. 0020 1.733 1.02 Uy
4.1768 3. 5933 . €208 —. 0028 1.349 L794 R, U 5.3479 5. 0362 7547 . 0076 1.877 1.10 U,
4.7569 4. 2363 . 6803 . 0008 1. 536 . 904 1 5. 8340 5.7518 8145 —. 0098 2.048 1.20 U,
5. 0367 4. 5734 7095 . 0042 1. 627 . 957 Uy 6.4175 6. 7425 8948 —.0131 2. 252 1.33 (%}
5.3515 4.9931 . 7462 . 0060 1.728 1.02 Uy 6. 7552 7.3701 . 9430 —. 0125 2.371 1. 40 U,
5. 7083 5. 4850 . 7857 .0119 1. 844 1.08 Ty 7 1305 8.1035 . 9962 L0075 2. 503 1.47 U,
6. 1160 6. 1167 . 8366 .0149 1.975 1.16 U, 7. 3996 8. 6413 1. 0327 —. 0012 2. 597 1.53 Ti
6. 5865 6. 9181 . 8985 L0176 2.127 1.25 U, 7.4754 8. 8280 1.0472 . 0005 2. 624 1. 54 Uy
7.1353 7.9931 . 9801 L0128 2. 305 1.36 Uy 7. 8620 9..7111 1.1080 . 0068 2.760 1. 62 Tt
7.7840 9. 3862 1.0774 . 0061 2. 514 1.48 Uy 8. 3860 11. 0392 1971 L0193 2.943 1.73 Uy
8.1547 10. 3064 1. 1412 —.0075 2. 634 1.55 Uy
8. 5624 11. 3101 1. 2041 —. 0177 2. 746 1.63 U,

TasrLe 10.  Toluene viscosity data for molecular weight: 58,000
Temperature, 30° C Temperature, 48.2° C
Alngp /€) S & Viscom- S iGs Viscom-
< r Tsp/c 2 [nle co eter ¢ e Taple | Alngp/0) [nle o eter

o/dL difg dllg g/dl dllg dlfg
0.0778 1. 0290 0.3723 —0. 0002 0. 0287 0. 032 J2 0.1978 1. 0663 0. 3352 —0. 0032 0. 0639 0.071 J1

L1172 1. 0437 . 3733 . 0006 . 0432 . 048 J2 2683 1. 0898 . 3347 . 0005 . 0867 . 096 J1

. 1900 1. 0720 . 3789 —. 0018 . 0701 078 Ja 4407 1.1511 . 3429 . 0002 . 1424 . 158 Ji

. 2664 1.1012 . 3799 . 0007 . 0982 109 J2 . 9261 1. 3397 . 3668 —. 0016 . 2992 . 332 J1

. 3652 1. 1400 . 3833 . 0018 . 1347 . 150 Jy 1. 0823 1. 4060 . 3751 —. 0028 . 3497 . 388 B

. 4866 1.1900 . 3905 . 0001 L1795 .199 J2 1. 2547 1.4784 . 3813 —. 0011 . 4054 . 450 J1

. 6067 1. 2399 . 3954 . 0007 . 2237 . 249 Jy 1. 4067 1. 5416 . 3850 . 0021 . 4545 . 504 R

. 8170 1.3314 . 4056 . 0003 . 3013 335 J2 1. 6548 1. 6558 . 3963 . 0022 . 5347 . 593 R
1. 0409 1. 4305 . 4136 . 0029 . 3839 . 427 S, J2 2.0092 1. 8291 4126 . 0020 . 6492 .720 R
1.1699 1.4934 . 4217 . 0009 . 4315 . 479 S 2. 2501 1. 9537 . 4238 . 0018 L7270 . 806 154
1. 3354 1. 5691 . 4262 . 0044 . 4925 . 547 S 2. 5567 2.1159 . 4365 . 0031 . 8261 . 916 R
1. 5554 1. 6821 . 4385 . 0029 . 5736 . 637 S 2. 9601 2. 3557 . 4580 . 0000 . 9564 . 106 R
1. 6950 1.7553 . 4456 . 0027 . 6251 . 695 S 3. 5145 2.7010 . 4840 —. 0007 1.135 1.26 R
1.8622 1. 8460 L4543 . 0024 . 6868 763 S 3.7991 2. 8849 . 4961 . 0001 1.227 1. 36 R
2. 0659 1. 9668 . 4680 —. 0010 . 7619 847 S 4.1339 3.1155 . 5117 —. 0002 1. 336 1.48 R
2.3198 2.1242 . 4846 —. 0045 . 8555 . 951 S 4.3245 3. 2555 . 5215 —.0013 1.397 1. 55 R.Uy
2. 6447 2. 3140 L4968 . 0002 . 9754 1.08 S 4.7364 3. 5660 . 5418 —. 0028 1. 530 1.70 Uy
3.0755 2. 5929 . 5179 . 0021 1.134 1.26 S 4.9732 3. 7305 5490 . 0008 1. 607 1.78 Ui
3. 6740 3.0317 . 5530 —. 0004 1. 355 1.51 S
3.9841 3.2773 . 5716 —. 0018 1. 469 1. 63 S
4.3514 3. 5751 . 5918 0013 1. 605 1.78 i, S
4.7187 3. 8886 . 6122 —. 0007 1. 740 1.93 R
5.1537 4.2928 . 6389 . 0043 1. 901 2.11 R, U;
5. 6446 4.7715 . 6682 . 0030 2. 082 2.31 U
5. 9268 5.0714 . 6869 0050 2. 186 2.43 U

4. Viscosity Concentration Functions

Although one must be on guard not to attach
undue significance to the form of closed analytical
expressions that appear to be valid over a more or
less wide range, some viscosity-concentration func-
tions are quite useful for certain purposes. Two such
are the Martin equation [4]:

=[n] exp (ki[n]c), (1)

and the Baker equation [5]:

n—=(1+1C) @)

Nso
¢

Besides [7], the parameters n and &, depend on the
polymer-solvent system.

The Martin equation has been applied to a large
number of systems. In particular, Spencer and
Williams [6] have shown it to represent the viscosities
of solutions of polystyrene in toluene from 3 to 20
percent of polymer. Streeter and Boyer [7] have
found the Martin equation to be reasonably good for
polystyrene in a number of solvents from 1 to 12
percent polymer concentration.

The viscosity data for fraction 1.1 in toluene at
30°C previously exhibited [1] as a plot of 5, /c versus ¢
are shown in figure 1 as a Martin plot. Only above a
concentration of about 1.25 g/dl is the Martin repre-
sentation satisfactory. The solid curve in the inset

302



of figure 1 to the left of the arrow has been drawn on
the basis of a least squares straight line obtained from
the plot of 7,,/c versus ¢ for concentrations between
¢=0.1 and 1.0 g/dl. The arrow points to the abscissa
at which the slopes are the same as in the Martin
plot. Figure 2 shows a similar deviation in butanone.

This example points to the uncertainty arising
from extension to low concentrations of a representa-
tion like Martin’s, which is found adequate in a
particular concentration range (here 1 to 5 g/dl). The
values of [7] and k, derived from a Martin plot may
thus be only mathematical fictions and not represent
at all the intercept and initial slope of the viscosity-
concentration function, [n] being overestimated and
ky underestimated (cf. [7]).

Where a system is adequately represented by a
Martin equation down to low concentrations, the
corresponding 7,,/c versus ¢ plot is, of course, nowhere

[ T T T T T T T
1.6 o
orf- A4
14— =
=
2 0.6 -
Q
2 - ol
S 12 5
e 0.5~ o o
o -~ A
2 o L -
< o oot
o 04 Vi
g ¥
8 0.81— gpﬂ/ /,,/H Polystyrene Fraction 120 /LI <!
g Sy /r'/b in Toluene at 30°C L2
. s
8 Viscometer Nos. O R
~ oe- »A*f./ i3
3 i o o ﬁ 2
o) ® Duplicate 5
e A
0.4f= e eJ2 =
o L | | I I I | I I
"o 05 1.0 15 2.0
| 1 | | | | | | |
Oy 1.0 2.0 30 4.0 50
CONCENTRATION , g/dI
Ficure 1. Martin plot (eq 1).
IR [T T | T I T T T T
.
Pl U o : 5
B
@ 0.3~
. -
‘£ 0.8 ‘I ~ A
o
2 0.2| - P =
& os . =© g
b e s |
o
8 —~ /09/ =
=20 o4l 000" i
w > - Polystyrene Fraction 120/ LI
@ e o
S 0 . in Methyl Ethyl Ketone af 48.2°C
2 i
= o0 P £ Viscometer Nos. O R )
5 s
0. ouU2 ,
“D.O O ® Duplicate
0|
| | | ( |
0.2 -
05 1.0 15 2.0
> / |
025 1.0 2.0 3.0 4.0 5.0
; CONCENTRATION , g /d|
Frcure 2.  Mariin plot (eq 1).

linear. FKFor example, the data for fraction 1.1 in
methyl ethyl ketone at 30°C and in the mixed solvent
at 30°C (figs. 3 and 4) are well represented by a
Martin equation over the entire range examined.

In fitting the Baker function to viscosity data, one
need not be restricted to integral values of the param-
eter n for an optimum fit. In any event, only a
compromise fit is achieved, and the labor of selecting
a representative n may become prohibitive. If, as is
here the case, it is of interest to find the variation of
n with temperature and with the nature of the
polymer-solvent system, the following convenient
graphical method for a rapid estimate of n has been
found quite useful.

The Baker equation is written in the ‘“‘reduced”

form:
n
s il S
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Figure 9.

Reduced Baker network (eq 2a).

The indices, n, are shown at the termini of the dashed lines.

where S=[nle. A value of [n] is taken from a graph of
nsp/c versus ¢, and the experimental data plotted as
1:/S versus S. Over the set of plotted points is
placed a transparent sheet on which are drawn to the
same scale a family of curves of the function (2a) for
integral or any other desired values of n. The best
value of n in the concentration range of interest is
then easily obtained by interpolation. The data for
our systems are included in the reduced Baker
networks in figures 5 to 9.

This representation shows strikingly the relatively
slight dependence of 7 on tempe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>