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Viscosity of Concentrated Polymer Solutions. I. 
Polyvinylchloride in Cyclohexanone 

G. PEZZIN and N. GLIGO, Societd Edison, Azienda Chimica, and Iskituto 
d i  Chimica Fisica, Universitci Padova, I taly  

Synopsis 
Viscosities of samples of poly(viny1 chloride) in cyclohexanone were measured over a 

wide range of concentrations, up to polymer weight fractions of the order of 0.4. Poly- 
mers with molecular weight from 10,000 to 230,000 and with different molecular weight 
distributions were studied. The effect of concentration and molecular weight on the 
solution viscosity is reported and discussed for this system, as well as for other systems 
for which data are available in literature. The empirical reduction schemes often applied 
to the viscometric data of concentrated polymer solutions are discussed. 

INTRODUCTION 

The viscous properties of dilute macromolecular solutions have been 
successfully interpreted by relatively simple theoretical models, in which 
the molecules are considered as largely isolated. 

In  concentrated solutions the domains of the macrornolecular chains may 
overlap, and the molecules may be entangled as in polymer melts, their 
mobility being severely restricted as a consequence of chain entanglements. 

I n  the past years a number of papers have reported viscometric data for 
concentrated solutions of high polymers,' but they give, in most of the cases, 
only empirical descriptions for the dependence of viscosity on concentration 
and on 

A theoretical treatment of the effect of concentration on viscosity on the 
basis of free volume has been made by Fujita, Kishimoto, and co-work- 
er~. '- '~ Kelly and Bueche" have presented a complete theoretical interpre- 
tation of the viscometric properties of polymer-diluent systems. Their 
treatment is based both on the free-volume concept, as extended by Wil- 
liams, Landel, and Ferry to polymer melts,I2 and on the Bueche model of the 
mechanism of flow in undiluted polymers.'3 

The main objectives in undertaking this work were, first, to determine 
experimentally the viscosity-concentration and viscosity-molecular weight 
dependence for poly(viny1 chloride) (PVC) and, secondly, to test the validity 
of the Kelley-Bueche equation for this polymer. The first part describes 
the properties of the system I'VC-cyclohes:Liioiic. 

Several samples of PVC, having widely different niolecular weights and 
inolecular weight distributions, were examined, and the effects of aggrega- 
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tion, of shear rate, and of concentration on their solution viscosity were 
determined. 

The results are compared with earlier measurements on the same system 
and on other polymer-diluent solutions, and the validity of the empirical 
reduction schemes often used for such systems is tested. 
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Fig. 1. Dilute solutioii viscosities of PVC samples A-I. Determination of intrinsic 
viscosity in cyclohexanone at 25°C. 
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EXPERIMENTAL 

Materials Used 
Six were unfractionated polymers, ob- 

tained by suspension polymerization methods, having a wide range of molec- 
ular weights (samples A-F) . Samples G and H were polymerized in suspen- 
sion in the presence of tetrahydrofuran as chain-transfer agent. Sample I 
was one of the fractions of narrow molecular weight distribution obtained 
from sample D by a large-scale fractionation carried out by successive pre- 
~ipitation.1~ Sample L was a mixture of equal weights of polymers A, B, D, 
F, and H. 

The purification of the polymers was accomplished by precipitation from 
tetrahydrofuran solutions into a mixture of methanol and water, followed 
by filtration and drying under vacuum a t  40-50°C. until constant weight 
was reached. 

Chlorine contents were determined by combustion in oxygen and chlorine 
titration. Intrinsic viscosity was determined in cyclohexanone solutions 
with a Desreux-Bischoff low shear-rate viscometer,15 and molecular weights 
were calculated by the recently reported16 relation : 

Ten PVC samples were studied. 

[ q ]  = 6.0 X M2D0.84 ml./g. 

The dilute solution viscometric data for samples A-I are shown in Figure 
The polymerization temperatures, chlorine contents, and molecular 1. 

weights of polymers are given in Table I. 
TABLE I 

Characterization of PVC Samples 

Polymerization Chlorine, Intrinsic Molecular 
temperature, content, viscosity, weight 

Sample "C. % ml./g. M x 10-3 

A 
B 
C 
D 
E 
F 
G 
H 
I 
L 

35 
40 
51 
51 
57 
67 
62 
72 
- 

56 .3  
56 .4  
56 .2  
56 .3  
56 .2  
55.7 
54.7 
- 

190 
151 
135 
102 
78 
70.5 
31 
14.5 
95 

105 
~~ 

230 
174 
151 
110 
80 
70 
26 
10.5 

100 
112 

The solvent used was cyclohexanone of technical grade, purified by frac- 
The fraction boiling in the range 155-156°C. was col- tional distillation. 

lected and stored i n  brown glass bott,les. 

Solutions 
The polymers were dissolved in cyclohexanone, uiicler slow stirriiig, at 

approximately 85"C., which is just above the temperature of solubilization 
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of poly(viny1 chloride) in cyclohexanone. I n  fact, under 80°C. pseudo- 
solutions containing aggregates can be obtained.” In  the case of low con- 
centrations and/or low molecular weights, the dissolution was rapid, while 
for high concentrations and/or high molecular weights i t  was necessary to 
continue stirring of the mixture at 85°C. for several hours in order to reach 
complete solubilization. 

The concentrations were determined by weight, but were occasionally 
checked by diluting the solutions and by precipitating the polymer in 
methanol, drying, and weighing. 

Density Measurements 

The density of PVC was found to be 1.390 g./cc. a t  30°C. and its thermal 
expansion coefficient was taken to be -d In p/dT = 2.8 X deg.-’, as 
calculated from published data. l8 

The density of cyclohexanone a t  20°C. was found to be 0.94730 g./cc. and 
its thermal expansion coefficient, determined in the range 20-50°C., was 9.2 
X deg.-’. 

The densities of several solutions were measured by means of a pycnom- 
eter. The results obtained for sample D at 40°C. are given in Table 11, 

TABLE I1 
Density of Solutions of Sample I) a t  40°C. 

Density, g./cc. 
Weight Difference, 

fraction w2 Experimental Calculated % 
0.03850 0.94120 0,94156 - 0.036 
0.05660 0.94792 0.94724 +O. 068 
0.07410 0.95333 0.95304 f0.029 
0.09090 0.95997 0.95840 +O. 157 
0.13000 0.97342 0.97136 +0.206 

where they are compared with the densities calculated, by assuming no 
volume changes on mixing, from the equation: 

1/P = Wl/Pl + wz/pz (2) 

where wl, p1 and w2, pz are the weight fractions and densities of solvent and 
polymer, respectively. It may be seen that the volumes are additive 
within 0.2y0, even a t  relatively high polymer concentrations. Similar 
results were found also for samples A, G, and H a t  concentrations up to 30% 
of polymer by weight. 

Therefore the volume fractions can be calculated from the equations: 

dl = WlP/Pl 
4-2 = W2P/P2 (3) 

which give volume fractions accurate to within 0.2%. Rlaximum contrac- 
tions in mixing of the order of 0.2y0 have been found for natural rubber and 
methyl ethyl ketone or ethyl acetate, up to d2 = 0.6,19 while volume contrac- 



VISCOSITY OF POLYMER SOLUTIONS. I 5 

tions of the order of 1% have been found, a t  similar concentrations, for 
polyisobutylene in n-pentane. 2o 

The volumes of polymer and diluent have been taken to be additive in 
several papers, and the results of Table I1 show that this approximation is 
reasonable for the system under study. 

Viscometric Measurements 

Glass capillary viscometers of the Cannon-Fenslte type were used. Their 
The nominal dimensions, as measured in this work, are given in Table 111. 

TABLE I11 
Calibration Constants and Dimensions of Viscometers 

Capillary Reservoir Calibration 
radius, Length, volume, constant, 

Viscometer cm. crn. ml. cstokes/sec. 

N50 0.0210 7 . 2  3 .24  2.99 x 10-3 
NlOO 0.0325 7 . 2  5 .13  1.282 X lo-* 
N200 0.0508 6 . 2  3.23 9 .96  x 10-2 
N300 0.0622 6 . 7  3.20 2.417 x 10-1 
N500 - 7 . 2  - 7.59 

calibration constants, reported in Table 111, were occasionally checked with 
several standard viscosity oils and found to be accurate within 0.3%. The 
measurements were carried out under conditions such that the maximum 
kinetic energy correction was of the order of 0.3%. Only solutions for 
which the shear effects were negligible were tested with capillary viscom- 
eters, while non-Newtonian solutions were studied with the Rotovisko 
rotational rheometer manufactured by Gebruder-Haake. 

Kinematic viscosities, as obtained from capillary flow data, were con- 
verted to absolute viscosities by using the solutions densities calculated 
from eq. (2). 

The 
accuracy with which the viscosities were measured with the capillary vis- 
cometers was estimated to be of the order of 1%. With the rotstional 
rheometer, the accuracy obtainable is of the order of 2%, and it was checked 
with standard viscosity oils. 

However, for pseudoplastic fluids the calibration constant given by the 
manufacturer of the rheometer for the measurement of the shear rate, can- 
not be applied. In  this work, the shear rate a t  the wall of the inner cylinder 
was calculated from the rheometer dimensions and from the experimentally 
determined relation between torque and angular velocity by applying the 
expanded series given by Kreiger and Elrod for coaxial cylinder viscom- 
etemZ1 Use of the series to the second term was usually sufficient for ob- 
taining data accurate within 4%, and the third term was seldom used. 
When tested with different combinations of cup and rotor, the corrected 
viscosities did not differ by more than 4%. 

The temperature of the viscometers was kept constant to 0.05"C. 
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RESULTS 

Typical data of the dependence of the viscosity 17 on the shear rate y are 
shown in Figure 2 for sample I at 30OC. at several values of w2. It is seen 
that for this sample the solutions are Newtonian over a large shear rate 
range. They become slightly pseudoplastic a t  higher concentrations. 
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Fig. 4. Viscosity-shear rate curves, at the weight fractions indicated, for PVC sample I 
(narrow distribution) and for sample L (broad distribution). 

Similar data for sample D a t  20°C. are plotted in Figure 3. Samples A, B, 
and C show similar patterns, and their solutions deviate from Newtonian 
behavior a t  still lower concentrations and shear rates. It has been con- 
firmed in this work that the solutions begin to be sensibly pseudoplastic 
(decrease of viscosity of the order of 10%) when the shear stress is of the 
order of 104C dynes/cm.2, C being the concentration in grams per milli- 
liter.22 

However, the flow curves are affected also by the molecular weight distri- 
bution of the sample, as shown in Figure 4 for sample I (fraction of narrow 
molecular weight distribution) and for sample L (mixture of polydisperse 
polymers). This latter shows non-Newtonian behavior at smaller shear 
rates and concentrations than sample I .  When necessary, the zero shear 
viscosity 70 was evaluated by extrapolating to zero shear rate curves of the 
type shown in Figure 4. This procedure was necessary only for sample L 
and for a limited number of solutions of other samples having high viscosity. 
It is believed that the inaccuracy introduced in this way is of the order of a 
few per cent. 
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TABLE IV 
Viscosity of Solutions of Sample D from 20°C. to 5OOC. and Activation Energy for Flow 

Weight 
fraction 

w2 

Viscosity, poises 

T =  T =  T =  T =  
20°C. 30°C. 4OOC. 50°C. 

El 
kcal./mole 

0.0909 
0.107 
0.130 
0.142 
0.152 
0.167 
0.200 

2.80 2.13 1.70 1.34 
5.62 4.35 3.30 2.50 

12.5 10.2 7 . 8  6 . 0  
19.4 15.0 10.0 7 . 8  
29.3 21.4 16.2 11.8 
42.0 29.7 22.5 17.2 

115 73.2 51.3 36.2 

4 . 6  
5 . 1  
5 . 1  
5 . 8  
6 .1  
5 . 7  
7 . 0  

The measurements were usually carried out at 30°C., but several data 
were obtained in the range of temperatures from 20 to 50°C. Typical 
results for sample D, a t  concentrations up to 20% by weight, are given in 
Table IV. When log 70 is plotted against reciprocal absolute temperature, 
straight lines, within experimental error, are obtained, from which the 
energy of activation for viscous flow E can be calculated. Values of E,  
defined as E = R d In qo/d(l/T), corresponding to a midrange temperature 
of 35"C., are listed in Table IV. 
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Fig. 5. Effect of aggregation on the viscosity of a solution of PVC sample A a t  weight 
fraction w2 = 0.1304 (see text). 
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Fig. 6. Zero shear viscosity of solutions of PVC samples A-H at 3 O O C .  plotted against 
weight fraction w2: ( 0 )  sample A; (0) sample B; ( 0 )  sample C; (e) sample D; ( 0 )  
sample E; ( W )  sample F; (A) sample G; (A) sample H. The data for samples I and L 
are similar and have been omitted to avoid superposition. 
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At high concentrations, some solutions of samples having high molecular 
weight showed a definite tendency toward aggregation. Their viscosity 
increased with time, and their behavior became progressively more non- 
Newtonian. A typical result is shown in Figure 5 for sample A at w2 
= 0.1304. The lower flow curve, obtained immediately after dissolution, is 
almost Newtonian, with a zero shear viscosity of 120 poises. 

After a few days standing at room temperature, the low shear viscosity 
increased to more than 10,OOO poises, and strong non-Newtonian behavior 
was developed also at shear rates as low as see.-' (upper curve). 
When heated at 85OC. for approximately 20 min., the viscosity dropped at  
130 poises as a result of disaggregation, as shown in Figure 5. The phenom- 
enon is therefore thermally reversible. 

With low molecular weight polymers the increase of viscosity with time 
occurred only at relatively high concentrations. The solution of sample G 
having w2 = 0.37 showed, for example, a slow increase of viscosity with 
time. In these cases the viscosity at zero time was derived by extrapola- 
tions from a number of flow data obtained on the same solution over a 
period of several hours. 

When the weight fraction exceeded 0.20 for samples A and B, and ap- 
proximately 0.5 for the low molecular weight samples G and H (with inter- 
mediate values for the other samples), solubilization became possible only a t  
high temperatures, and rapid gelation occurred on cooling of the solutions at  
30°C. 

I n  Table V the zero shear viscosities of the majority of the polymer solu- 
tions, a t  the appropriate weight fractions] are given for the temperature T 
= 30°C. At this temperature the viscosity of the solvent was 0.0178 
poises. 

The concentration dependence is shown in Figure 6 for samples A-H. 
(A log-log plot is used for the purpose of compressing the curves, which 
extend over a large viscosity range, at  no sacrifice of detail at the lower con- 
centrations.) 

The 
viscosity concentration curves for samples I and L, which are not plotted in 
Figure 6 for reason of clarity, are substantially similar and will be discussed 
in a later section. 

DISCUSSION 
Aggregation 

Several data not reported in Table V are also shown in Figure 6. 

The range of molecular weights examined in this work is relatively large, 
extending from 104 to 2.3 x 105. The range of concentrations, on the other 
side, is limited by the well-known fact that PVC does not give stable solu- 
tions in cyclohexanone or in other solvents above some critical concentra- 
tion range. 

The critical concentration, or solubility, cannot however be exactly 
defined, since the solutions tend to increase their viscosity with time. The 
increase is more apparent the higher the molecular weight and the more 



VlSCOSll'Y OF POLYMEll SOLUTIONS. 1 13 

concentrated the solution. The pheiioiiieuoii can be ascribed to the forma- 
tion of aggregates. 

Association of macromolecules has been observed in dilute solutions of 
relatively good solvents for various polymers, e.g., for p~ lye thy lene ,~~  
natural rubber,24 and polybutadiene.25 

For the system studied in this work, when the concentration is sufficiently 
high, the aggregation extends to the whole solution and gelation may occur. 
A rapid gelation of the solutions when cooled to room temperature after 
dissolution a t  85"C., occurs when the weight fraction wz is of the order of 0.5 
for low molecular weight polymers and of the order of 0.2 for samples of the 
highest molecular weight. 

The formation of gels from concentrated solutions requires both the pres- 
ence of an insoluble product and the tendency of the molecules to form 
aggregates. The more the molecules are extended, the less is the number of 
them that is necessary to create a network in which all the solvent is im- 
mobilized. The effect of the molecular weight of the polymer on the critical 
concentration range a t  which rapid gelation occurs may be therefore under- 
stood. 

Also, insoluble particles of polymer must be present in order to reach gela- 
tion. With highly ordered polymers, liquid-crystalline phases may be 
found in concentrated s o l ~ t i o n s , ~ ~ ~ ~ ~  and since in poly(viny1 chloride) there is 
approximately 10% of crystallizable po1ymer,28 i t  may be supposed that the 
insoluble part is formed by this portion of the polymer. This has been con- 
firmed by studying a sample polymerized at -40°C. having [77] = 135 
ml./g. and containing 20% of crystallizable polymer. 28 When dissolved in 
boiling cyclohexanone, this sample showed a strong tendency to aggregate 
even a t  a concentration as low as 0.03 (corresponding to an initial viscosity 
of the solution of 0.3 poises). 

At concentrations of the order of 0.06 (corresponding to an initial vis- 
cosity of the solution of 4 poises), complete gelation occurred in a few days 
for this polymer. The increase of viscosity and the gelation can therefore 
be attributed to the formation of crystallites in the poly(viny1 chloride) solu- 
tions, which closely resembles the phenomena occurring in the plasticizer- 
polymer systems. 

When PVC, after being dissolved a t  high temperature in a plasticizer, is 
cooled, the polymer forms a three-dimensional n e t w ~ r k ~ ~ - ~ ~  which has been 
shown33 to consist partially of a polycrystalline structure. The peculiar 
properties of plasticized poly(viny1 chloride) have been often ascribed to a 
small amount of crystallinity in the system; 4.34-36 the results obtained in 
this work can also be so interpreted. 

Shear Dependence of Viscosity 
While the study of the shear dependence of the viscosity of the PVC- 

cyclohexanoiie solutions is beyond the scope of this work, it may be 
interesting to note the strong effect of the nioleculnr weight distribution of 
the polymer on the flow curves. 
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While sample I is a fraction having a narrow molecular weight distribu- 
tion, sample L is a mixture of a number of unfractionated polymers, the 
highest average molecular weight of which is 230,000 while the lowest is 
26,000. 

The difference in molecular weight distribution between samples I and 
L causes a marked difference in the shear dependence of their solution 
viscosity, as seen in Figure 4. Similar effects are known for the system 
polyisobutene-cetane3’ and for several polymer melt~.38-~4 

The non-Newtonian flow behavior of polymer melts or solutions is 
generally attributed to the presence of entanglements between adjacent 
macromolecules. The capacity of a molecular chain to form entangle- 
ments increases rapidly with increasing molecular weight of the macro- 
molecules. 

If we consider two polymers of the same average molecular weight, one 
of which has a broad molecular weight distribution and the other a narrow 
one, large macromolecules are present in the first which may contribute to  
the formation of entanglements, while this is not the case for the second. 
The shear behavior may therefore vary markedly with the distribution of 
molecular weights, as shown clearly for the PVC-cyclohexanone system in 
Figure 4. 

Temperature Dependence of Viscosity 
The results of Table IV, which show that the energy of activation for 

viscous flow E increases with increasing concentration, are in agreement 
with the literature data. It may be shown that E increases from values of 
2-4 kcal./mole at  low concentration up to values that vary, depending on 
the glass transition temperature of the polymer T,, between approximately 
10 kcal./mole (for polyi~obutylene~~~~6) and 30-50 kcal./mole [for poly- 

and poly(methy1 methacrylate) 1,48]. 

Concentration Dependence of Viscosity 
Data on the concentration dependence of the Newtonian viscosity for 

polymer solutions can be found in several 45-57 Much effort 
has been spent in describing such data by means of simple mathematical 
expressions. Several functions have been claimed to be suitable over 
limited concentration ranges. For example, Simha et a1.l applied the 
Baker equation: 

(4) ?1 = ?ls { 1 + [??I ( c l 4  1; 
where [ q ]  is the intrinsic viscosity of the polymer and a is a constant, to  
moderately concentrated polymer solutions. 

Strecter and RoyrrR fouiitl t l i a t  tlic A4:irtin cqii:itiorr : 

log (q,Jr) = log [ q ]  + k [ q ]  r (5) 

described fairly well their results on polystyrene solutions, up to coiicentra- 
tions of 120/,, in various solvents. The data of Flory5 on the system poly- 



VISCOSITY OF POLYMER SOLUTIONS. I 15 

(decamethylene adipate)-diethyl succinate, covering the entire concentra- 
tion range, have been described respectively by a two-constant empirical 
equation6 and by a logarithmic-decrement empirical equation containing 
three  constant^.^ Maron et a1.&-j6 used a three-parameter equation for 
moderately concentrated solutions of poly(methy1 methacrylate) in various 
solvents. 

Ferry and c o - w o r k e r ~ ~ ~ * ~ ~ - ~ ~  found that a t  moderately high concentra- 
tions (approximately 5-40%) the viscosity was proportional to the fifth 
power of c $ ~  for a number of polymer-solvent systems, following the relation 

4 = K+zn (6) 

with n = 5 .  Equation (6) with the concentration expressed in weight 
fraction w2, can also be applied to the data reported by Porter and John- 

on polyisobutylene-decalin solutions, a t  w2 lower than 0.2, and with 
the same exponent. However, the validity of this equation is limited at  
moderately high concentrations, and it fails a t  very high concentrations, 
where the exponent n increases to values of the order of 10 or even of 50, 
depending on the temperature and on the system studied. 

In  fact, slopes as high as 12 can be calculated, by plotting on log-log 
paper the viscosity-concentration data of Tager et al.46 for the system 
polyisobutyleneisooctane. 

From the results of Fujita et al.’-’O it is possible to calculate, a t  w2 of the 
order of 0.9, a maximum slope of 50 for poly(methy1 acry1ate)-diethyl 
phthalate at 20°C. and a slope of 60 for the system poly(viny1 acetate)- 
diethyl phthalate a t  10°C. These exponential coefficients are of the same 
order of magnitude as those found for the concentration dependence of the 
diffusion coefficients of small molecules in highly concentrated polymer- 
diluent systems. 22 

At higher temperatures, the maximum exponent decreases: i t  is of the 
order of 20 for poly(methy1 acry1ate)-diethyl phthalate a t  120°C. and of 
the order of 25 for poly(viny1 acetate)-diethyl phthalate a t  100°C.7-10 

Reviewing the available data, it may be concluded that the concentra- 
tion dependence of viscosity shown in Figure 6 for the system under study 
can be considered typical for all the polymer-solvent systems known a t  
present. 

Over a wide concentration range, no simple equation can describe the 
viscosity-concentration curves, and no attempt was made in this work in 
trying to interpret mathematically the curves of Figure 6. In  relatively 
dilute solutions, the viscosity depends on a rather low power of w2. The 
slopes of t,he log 7 0  versus log w2 curves increase gradually with increasing 
7 u 2 ,  and i i t  14gurc (i tlic: ( I : L ~ , : L  : ~ t #  high c :o i~c . c t i t , i~ :~ i~ , io~ i s  nra :q)l)roxinintely 
tl(:sc:ribetl by cq. (6) wit>li 7~ = 5 .  

Tliere is no cviclwc:e i n  Figure C, of : L I I  nbrul)t, chntige i i t  i,he slope a t  some 
critical concentrution. Thc corresl)onditig curves for samples I and L have 
similar shape, which shows that changing the molecular weight distribution 
of the polymer has no effect on the concentration dependence of the New- 
tonian viscosity of the solutions. 
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A thorough aiialysis of all the available data showed that the log 7-log 
w2 plots change gradually in slope with increasing w2, for all the systems 
for which a large concentration range is ~ ~ ~ e r e d , ~ * ~ , ~ - ~ ~ . ~ ~ - ~ ~  and a suddeir 
slope transition was not found at any concentration. The curves re- 
ported by Onogi et al.,57 in connection with this transition, seem to be 
rather singular, and the data reported in graphical form by AsaiS8 on the 
PVC-cyclohexanone system do not find confirmation in the results of this 
work. 

Molecular Weight Dependence of Viscosity 

The data of Table V and Figure 6 show the effect of the molecular weight 
M on the solution viscosity. At low concentrations, the viscosity is pro- 
portional to a fractional power of M ,  while a t  high values of w2 the vis- 
cosity is approximately proportional to the third power of M for all the 
polymers, except the low molecular weight samples G and H. 

The equation 

has been found to apply universally to polymer melts above some critical 
molecular weight M,,l and it applies equally well a t  high concentrations to 
various polymer-solvent systems. 1 s 2 2 , 4 5 - - 5 0  

At low concentration and/or low molecular weight the effect of molecular 
weight on viscosity is less clearly understood, and various reduced param- 
eters have been used for the purpose of superposing the results obtained 
on solutions of polymers of different molecular weight. Utracki and 
Siniha3 used a concentration parameter which was proportional to the 
0.5-0.6 power of molecular weight. 

Ferry et al.22,49v-50 obtained a single composite curve by plotting on a 
log-log paper the viscosity versus the product c ~ M ~ . ~ ,  while Hirai59 used 
the product &M. 

At concentrations higher than 4’%, the curves of Figure 6 are almost 
similar in shape and can possibly be superposed by the use of a reduced 
variable. Noting that the parameter used by Utracki and Simha is ap- 
proximately proportional to the intrinsic viscosity [ r ) ]  of the polymers, and 
that the product c5M3.4 is equivalent, on a log-log plot, to the product 
C M O . ~ ~ ,  where Mo.68 is also almost proportional to [7], the data of Table V 
were plotted, in Figure 7, against the product w2 [7]. It may be seen that 
a master curve can be obtained, from which, however, the low molecular 
weight samples G arid I1 deviate marlicdly. Other kinds of reduced con- 
centration give similar results, :uid the viscosity-coticentr:Ltioii curves of 
samples G and H cannot be superposed to the other curves in any acceptable 
way. The reduction schemcs outlined above2,3tzz,69 do not apply, evident,ly, 
to 1)olyniers having niolecular wciglitx of tlie order of 10,000-20,000. 

The results of Figure 7 can, however, be expected, since the viscometric 
properties of concentrated polymer solutions can be interpreted, according 
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Fig. 7. Zero shear viscosities of solutions of PVC samples A-L at 30°C. plotted 
against the product [ q ]  w2 (see text): (0 )  sample A; (0) sample B;  (0) sample C; ( X  ) 
sample D; (0) eample E; (m) sample F, (A) sample G; (A) sample H. 

to Bueche, by the same theoretical model which applies to molten un- 
diluted p o l y m ~ r s . ~ 7 ~ ~ *  In the Ricvhe tre:itiiieiit, the viscosity is propor- 
tional to  A l 3 - 4  only wheir the mncromolccu1:ir chaiiis eiitnirgle each other 
i I I  n thrcc-tliiiieiisioii:il network. 

The validity of the reduction dieinc5 tlcscribctl :il)ovc is therefore limited 
to molecular weights sufficiently high and to  concentratioii raiiges within 
which ey. (6) can be applied with an expoiierit of 5. 
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In the following communication,60 the results reported in this paper will 
be discussed on the basis of the Kelley-Bueche treatment” of the viscosity 
of polymer solutions. 

The authors wish to express their appreciation to Dr. G. Manzato, who assisted in part 
of the work, and to Dr. Talamini for helpful discussions. 
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RBsumC 
Les viscositks d’kchantillons de chlorure de polyvinyle dans la cyclohexanone ont k tk  

mesurkes stir un vaste domaine de concentration jusqu’8 des fractions en poids de poly- 
mPres de l’ordre de 0,4. Des polymbres de poids molkculaire variant de 10.000 230.000 
et de distribution de poids molkculaire diffkrentes ont k t k  ktudiks. L’effet de la concen- 
tration et du poids molkculaire sur la viscositk de la solution est rapport6 et discut6 pour 
ce systbme aussi bien que pour d’autres systbmes dont les donnkes sont disponibles dans 
la littkrature. Des schkmas de reductions empiriques souvent appliquks aux donnkes 
viscosimktriques de solutions polymkriques concentrkes sont soumises A discussion. 

Zusammenfassung 
Die Viskositat von Polyvinylchlorid wurde in Zyklohexan in einem weiten Koneen- 

trationsbereich bis zu einem Gewichtsbruchteil an Polymeren in der Grossenordnung von 
0,4 gemessen. Polymere mit einem Molekulargewicht von 10.000 bis 230.000 und mit 
verschiedener Molekulargewichtsverteilung wurden untersucht. Der Einfluss der Kon- 
zentration und des Molekulargewichts auf die Losungsviskositat wird mitgeteilt und 
fur das vorliegende System sowie fur andere in der Literatur beschriebene Systeme dis- 
kiitiert. Die auf die viskosimetrischen Daten von konzentrierten Polymerlosuneen oft 
angewendeten empirischen Reduktionsverfahren werden diskutiert. 
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