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ABSTRACT: The storage (G’) and loss (G”) shear moduli were measured for dilute solutions of four poly(2-substi- 
tuted methyl acrylates) in two Aroclors with the modified Birnboim transducer. The substituents were methyl, 
ethyl, n-butyl, and phenyl. The molecular weights of the samples were between 6.5 X lo4 and 2.85 X IO6. The range 
of concentration was 0.73 X g/ml and the temperatures were between 8.3 and 433°C. The fre- 
quency range was 0.25 to 630 Hz. Data a t  different temperatures for G’ and G” - wqs, where w is the radian fre- 
quency and qs the solvent viscosity, were successfully combined by the method of reduced variables with a reference 
temperature of 25’C. The intrinsic dynamic viscosity a t  high frequency, [?’I-., is independent of the molecular 
weight for each polymer, but differs among the various polymers: poly(methy1 methacrylate) 22.8 ml/g; poly- 
(methyl-%ethyl acrylate) 18.5 ml/g; poly(methy1-2-n-butyl acrylate) 13.3 ml/g; and poly(methy1-2-phenyl acrylate) 
18.5 ml/g. A comparison of these results with former data on polystyrene and poly(a-methylstyrene) can be made; 
all these polymers have the vinyl group as the backbone supporting unit. The contributions to the high-frequency 
viscosity per monomer unit may then be interpreted in terms of the types of substitution of this vinyl group. They 
increase when the monomer substitution changes from single aromatic, through double aliphatic, to mixed ali- 
phatic-aromatic. For the sufficiently monodisperse samples the frequency dependence of G’ and G” could be de- 
scribed by the Peterlin internal viscosity theory. On basis of the experimental results the latter theory is compared 
with more recent theories on the dynamic viscoelastic behavior of dilute polymer solutions. 

to 4.28 X 

Several studies of the limiting high-frequency viscoelas- 
tic behavior of polymers, dissolved in high-viscosity sol- 
vents, have been reported from this laborat~ry.~-* Some in- 
sight has been gained in the physical mechanism causing 
the real part of the dynamic viscosity q’ to approach a finite 
limiting value 7’- a t  high frequencies which is higher than 
that of the solvent. Here we continue to use the symbol 7’- 
for the first high-frequency plateau value of q’ (where the 
loss modulus G” = wq’ becomes directly proportional to the 
radian frequency w ) ,  even though a t  very much higher 
frequencies there may be a zone of further frequency de- 
pendence followed by a lower p l a t e a ~ , ~  so the subscript is 
somewhat arbitrary. In the preceding papers of this se- 
r i e ~ , ~ , ~  hereafter referred to as I and 11, it was shown that 
7’- is independent of molecular weight and of the degree 
and extent of branching of the polymer molecule. I t  de- 
pends only on the concentration of the solution (but much 
less than the steady-flow viscosity q )  and the type of poly- 
mer investigated. These results imply that at  high frequen- 
cies only short-range internal dynamics of the polymer 
chains play a role. For example, the specific difference in 
the high-frequency viscoelastic behavior observed between 
polystyrene and poly(a-methylstyrene) in paper I should 
be attributed to a change in C-C backbone mobility due to 
the introduction of the a-methyl group. 

To  study the dependence on polymer species more ex- 
tensively, in this paper an investigation is reported into the 
high-frequency viscoelastic behavior of a series of linear 
poly(2-substituted methyl acrylates) with various molecu- 
lar weights. Their general structure may be designated by: 

H R  
I I  -c-c- 
I 1  

H C=O 
I 

0-CH, 

where the substituent R respectively represents a methyl, 
ethyl, n-butyl, or phenyl group. Their structure corre- 
sponds to that of polystyrene and poly(cY-methylstyrene) in 

the sense that they all have the vinyl group as the backbone 
supporting unit. These polymers could be dissolved in the 
same highly viscous chlorinated diphenyl (Aroclor) as used 
in papers I and 11. This will permit an interpretation of dif- 
ferences between the high-frequency viscoelastic behavior 
of the different polymer species in terms of their respective 
types of substitution of the vinyl group. 

Experimental Section 
The samples investigated were kindly provided by Professor M. 

Kurata of Kyoto University, Japan. The poly(methy1-2-ethyl acry- 
late) and poly(methy1-2-n-butyl acrylate) samples have been de- 
scribed before by Iwama and  coworker^.^ Poly(methy1-%ethyl ac- 
rylate), poly(methy1-2-n-butyl acrylate), and poly(methy1-2-phe- 
nyl acrylate) were prepared by an anionic polymerization process. 
They were subsequently fractionated by mean! of an elution col- 
umn. The weight average molecular weights M, of the fractions 
used for this investigation are given in Tables I, 11, and 111. A de- 
termination of the polydispersity of some of the poly(methyl-2- 
ethyl acrylate) samples5 provided a weight-to-number average 
ratio of the molecular weight.s of about 1.05. As will be shown later, 
the molecular weight distributions of the poly(methy1-2-n-butyl 
acrylate) and poly(methy1-%phenyl acrylate) fractions are proba- 
bly even narrower. 

The poly(methy1 methacrylate) was a radically polymerized 
commercial sample. To eliminate any unreacted monomer or low 
molecular weight contaminations the sample was precipitated four 
times using toluene as a solvent and methanol as a nonsolvent. Fi- 
nally, the polymer was freeze dried from a benzene solution. As the 
limiting high-frequency viscosity has been shown to be indepen- 
dent of the molecular weight of the polymer, no efforts were made 
to fractionate this sample. Its intrinsic viscosity in benzene a t  
25.0”C amounts to 275 ml/g, corresponding6 to a viscosity average 
molecular weight 9, of 1.5 X lo6. 

Prior to use the samples were dried in vacuo a t  60°C. The sam- 
ples were dissolved in Aroclor 1254, Lot D-612, by heating a t  60°C 
with occasional stirring. Two solutions were made in Aroclor 1248, 
Lot D-501. Depending on the molecular weight and concentration, 
complete dissolution was obtained within a period of 2 days to 3 
weeks. The concentrations of the solutions are given in Tables 
I-IV. 

Storage (G’) and loss (G”) moduli were measured with the modi- 
fied Birnboim transducer, equipped with a computerized on-line 
data acquisition and processing system as described elsewhere.’ 
The frequency range was 0.25 to 630 Hz. Measurements were usu- 
ally performed a t  5°C intervals, the maximum range heing frirm 
8.3 to 433°C. The viscosity of the Arocltrr 1254 ranged from 12.000 
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Table I 
Parameters a t  Low and High Frequencies, Reduced to 
25°C. for Polv(methv1-2-ethvl acrvlate) in Aroclor 12.54 

Sample ’1.1, x IO-d 

45.9 45.9 68.7 68.7 68.7 100.0“ 

c x lo2, g/ml 1.15 2.11 1.60 2.88 4.28 1.41 
7 7 ,  p 187 367 349 775 1788 12.12 

[q / (q  - 77,)]2 J,: 0.44 0.49 0.39 0.43 0.48 0.35 
77L p 82.0 94.1 89.9 115.4 148.8 3.33 
P/N 23 23 23 23 23 23 
k* 0.20 0.15 0.17 0.14 0.11 0.17 
cp /f 2.5 1.9 1.8 1.7 1.6 1.8 

log Mye/’Dw 0.07 0.10 0.14 0.14 0.14 0.08 
log G’, 4.46 4.77 4.60 4.89 5.07 4.63 
log (G’,/zJ,) 6.47 6.54 6.47 6.50 6.51 6.53 

log Je0 -3.54 -3.54 -3.36 -3.46 -3.54 -5.21 

1% 2 -1.00 -0.81 -0.50 -0.36 -0.14 -1.83 

a Results in Aroclor 1248 (7. = 2.57 P a t  25’c). 

P a t  8.3OC to 2.68 P a t  43.8OC.; at 25.OoC it was 67.7 P. The tem- 
perature range used for the solutions in Aroclor 1248 was -0.1 to 
25.OoC., the corresponding Aroclor viscosity range being from 555 
to 2.57 P. 

Results 
Storage and Loss Moduli. Figures 1-4 show some ex- 

amples of the viscoelastic behavior, one for each polymer. 
All data obtained on the storage and loss moduli for the so- 
lutions are plotted in reduced forms as G’, = (poTo/pT)G’ 
and (G” - wg,), = (poTo/pT)(G” - wvS)  against the re- 
duced radian frequency OUT with logarithmic scales. Here p 
and T are the density of the solution and the absolute tem- 
perature, respectively, at  which the measurements were 
made. The subscript zero refers to the reference tempera- 
ture of 25OC; vS is the viscosity of the solvent; the shift fac- 
tor U T  is obtained either from the temperature dependence 
of the polymer contribution to viscosity or empirically, as 
described in papers I and 11. 

Figure 1 shows the results for a solution of poly(methy1- 
2-ethyl acrylate) of molecular weight 1.0 X IO6, concentra- 
tion 1.41 X g/ml, in Aroclor 1248. I t  shows the familiar 
behavior of polymers of high molecular weight. The termi- 
nal, low-frequency zone, and the intermediate-frequency 
region are well developed. At  high frequencies, since the 
slope of log (G” - ~ 7 , ) ~  against log oar is unity, the limit- 

ing high-frequency value 7’- of the real part of the dynamic 
viscosity is determined, and it is higher than the solvent 
viscosity. 

Figure 2 shows the data for a solution of poly(methyl-2- 
n-butyl acrylate) of molecular weight 2.35 X lo5, concen- 
tration 1.86 X g/ml, in Aroclor 1254. Data for a solu- 
tion of poly(methy1-2-phenyl acrylate) of molecular weight 
2.63 X lo5, concentration 3.23 X g/ml, in Aroclor 1254 
are given in Figure 3. These two figures show the behavior 
of lower molecular weight polymers; the intermediate fre- 
quency region is narrower than in Figure 1, leaving only a 
small inflection in (G” - wq& between the terminal and 
high-frequency regions. 

Figure 4 shows the results for a solution of the poly- 
(methyl methacrylate) sample in Aroclor 1254, with a con- 
centration of 3.95 X g/ml. I t  shows the typical behav- 
ior of a polydisperse polymer, characterized by the absence 
of a clear transition between the terminal zone and the in- 
termediate frequency region. The additional effect of the 
high molecular weight of this sample makes it impossible to 
observe any terminal zone even a t  the lowest frequencies 
attainable. The high-frequency behavior, however, is unin- 
fluenced by the polydispersity. The unit slope of log (G” - 
oq,), against log w a ~  again provides for the calculation of 
qfv. 

From the data in the terminal zone, the steady flow vis- 
cosity 7 and the steady-state compliance Je0 of the solu- 
tions may be calculated. These results, together with the 
values of 7’- for the solutions investigated, are assembled 
in Tables I to IV. Because of the absence of a terminal zone 
for the highest molecular weight sample of poly(methyl-2- 
n-butyl acrylate) and for poly(methy1 methacrylate), the 
last two columns of Tables I1 and IV contain only the high- 
frequency viscosity data. 

High-Frequency Viscosity. The results on 7’- for all 
the solutions are summarized in Figure 5. As in papers I 
and 11, the data are plotted as log ( ~ ’ J T J ~ )  against c ,  where c 
is the concentration in grams per milliliter. The results for- 
merly obtained for polystyrene and poly(a-methylstyrene) 
are also indicated in this figure by means of dashed lines. 

The conclusions put forward in papers I and I1 are all 
confirmed by these results. In particular, 7’- is again inde- 
pendent of the molecular weight of the polymers, within 
the ranges covered. Second, because the time-temperature 
superposition can be applied a t  all temperatures, the rela- 
tive viscosity a t  high frequency, qtv/qs,  does not depend on 
the solvent viscosity for the Aroclor solvent. The two mea- 
surements made on solutions in Aroclor 1248, designated 

Table I1 
Parameters a t  Low and High Frequencies, Reduced to 25’C. for Polv(methv1-2-n-butvl acrvlate) in Aroclor 1254 

7.52 23.5 23.5 23.5 23.5 285“ 285 

c x lo2, g/ml 4.09 
7 7 ,  p 209 
log J,“ -5.14 
M77 - 11S)l2 J,RO 0.22 
77L p 114.3 
P/N 22 
h * 0.22 
cp/f 4 .O 
log 71 - -2.45 
log ‘ I Z “ J M W  -0.14 
log Gi, 4.97 
log 6.42 

I ‘  l ic iulr-  I I I  Zroclor 1248 (q.  = 2 57 P at 25’C). 

1.86 
163 
-4.42 
0.26 
88.8 
22 
0.22 
3 .O 
-1.79 
-0.1 1 
4.71 
6.50 

2.30 
188 
-4.42 
0.23 
91 .o 
22 
0.20 
2.7 
-1.72 
-0.08 
4.80 
6 -49 

2 -74 
216 
-4.39 
0.25 
96.4 
22 
0.22 
2.7 
-1.70 
-0.06 
4.87 
6.49 

3.96 0.73 1.38 
359 
-4.36 
0.28 
115.4 2.86 80.9 
22 
0.20 
2.3 
-1.50 
-0.03 
5.03 
6.48 
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Table 111 
Parameters at Low and High Frequencies. Reduced to 

25°C. for Poly(methv1-%phenyl acrvlate) in Aroclor 12.54 

Sample 3,x 

6.5 6.5 6.5 26.3 26.3 

0.96 
89.4 
-5.55 
0.18 
80.5 
33 
0.25 
7 .O 
-2.81 
-0.29 
3.96 
6.08 

1.81 
118 
-5.32 
0.18 
94.4 
33 
0.25 
6 .O 
-2.72 
-0.28 
4.29 
6.13 

4.21 
267 
-5.1 1 
0.22 
150.7 
33 
0.25 
4.5 
-2.34 
-0.28 
4.62 
6.10 

1.94 
168 
4 . 3 4  
0.24 
92.3 
33 
0.25 
3 .O 
-1.62 
-0.01 
4.40 
6.21 

3.23 
3 04 
-4.04 
0.46 
121.3 
33 
0.20 
2.8 
-1.43 

0.01 
4.59 
6.19 

Table IV 
High-Frequency Viscosity. Reduced to 2 5 ° C  for 

Poly( methyl methacrylate) in Aroclor 1281 

150 150 150 150 150 

c x lo2, g /ml  1.39 1.45 2.27 2.73 3.95 
VL, p 92.9 92.9 113.2 126.4 163.0 

Table V 
Summar,v of the Limiting High-Frequency 

Results for All Polymers Investigated 

[7'L x 
[7'1*, MOlN.4 x 1% 

Polymer ml/g 1020, ml G',/v2 
~~ ~~ ~~ 

Polystyrene 14.3 0.247 6.62 
Poly(methy1-2-n-butyl acrylate) 13.3 0.314 6.48 
Poly(methy1-2-ethyl acrylate) 18.5 0.350 6.50 
Poly(methy1 methacrylate) 22.8 0.379 
Poly(cr-methylstyrene) 22.2 0.435 6.38 
Poly(methy1-2-phenyl acrylate) 18.5 0.498 6.15 

by small symbols, fall on the same lines as those made on 
solutions in Aroclor 1254. 

The intrinsic viscosities a t  high frequency for these poly- 
mers, [$],, can be obtained from the slope of the straight 
lines in Figure 5 as [q'],  = In (g'm/gs)/~. The values are 
given in Table V. 

Discussion 
Low-Frequency Behavior. From the steady-flow vis- 

cosity and the steady-state compliance Jeo, as given in 
Tables I to 111, we may derive another quantity characteriz- 
ing the linear viscoelastic behavior of polymers a t  low 
frequencies: 

where R is the gas constant and J e ~ O  is the reduced steady- 
state compliance. In the limit of zero concentration: 

I POLY [METHYL 2 - E T H Y L  ACRYLATE1 I 
5 

;" 4 

D 0 - 

D 0 - 
2 

I 

1 I 

I 2 3 4 5 6 
l og  wo, 0 1  25°C. 

Figure 1. Storage (G'p) and loss ((G" - wq,),) moduli, reduced to 
25OC, plotted logarithmically againft frequency for poly(methy1- 
2-ethyl acrylate) in Aroclor 1248, M, = 1.0 X lo6. Directions of 
pips show temperatures of measurement: pip up, -0.1OC; 45O 
clockwise rotations, 5.1, 9.8, 14.7, 20.1, and 25.OoC, respectively. 
Curves drawn according to Peterlin theory with N = 381, h* = 
0.17, and p/f = 1.8. 

, I 

I [  , 1 

0 I 2 3 4 5 
l og  woT a t  25°C 

Figure 2. Plots of G', and (G" - W V ~ ) ~ ,  reduced to 25OC, for poly- 
(methyl-2-n-butyl acrylate) in Aroclor 1254, = 2.35 x IO5. Pip 
up, 9.7OC; 45' clockwise rotations, 15.2, 20.2, 24.9, and 30.0°C, re- 
spectively. Curves drawn according to Peterlin theory with N = 75, 
h* = 0.22, and p/f = 3.0. 

where j e ~ O  is the intrinsic reduced steady-state compliance; 
S z / S 1 2  is a dimensionless ratio, where S1 = X p ( T p / 7 1 )  and 
S2 = Z p ( 7 p / T l ) ' ,  7 p  being the relaxation times correspond- 
ing to the normal modes of motion of the macromolecule. 
Theoretical predictions of the numerical value of Sz/S12 
are strongly dependent on the molecular model employed 
in describing the viscoelastic behavior of the macromole- 
cule.8 Values of particular interest are the Rouseg free- 
draining value of 0.4 and the Zimrn'O result of 0.206, as ob- 
tained for a macromolecule with dominant hydrodynamic 
interaction. Both values hold for a macromolecule repre- 
sented by a bead-spring chain with an infinite number of 
beads. Lowering the number of beads increases the theoret- 
ical value of S 2 / S I 2 ;  a value of 1.0 is attained for the case of 
an elastic dumbbell (two beads connected by one spring)." 

Experimentally, the corresponding quantity [ a / (a  - 
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POLY i M E T H Y L  2 - P H E N Y L  A C R Y L A T E 1  

c : 0.0323q./ml.  d 

/ 
/ 

I , 1 1 I 
0 I 2 3 4 

l o g  wo, 0 1  25‘C. 

Figure 3. Plots of G’, and (G” - wqS),, reduced to 25OC, for poly- 
(methyl-2-phenyl acrylate) in Aroclor 1254, M w  = 2.63 X IO5. Pip 
up, 9.5OC; 45’ clockwise rotations, 14.6, 20.1, 25.1, 31.1, and 
35.6OC, respectively. Curves drawn according to Peterlin theory 
with N = 50, h* = 0.20, and qlf = 2.8. 

qs)]2Je~0 appears to be dependent on the molecular weight 
distribution of the polymer’* and the concentration of the 
solution. The results in Tables I to I11 do not show a signifi- 
cant molecular weight dependence, so the molecular weight 
dependence of j e ~ O  does not seem to play a detectable role 
for the present samples. While most of the values of [ q / ( q  - 
qs)]2JeRo for the poly(methy1-2-n-butyl acrylate) and poly- 
(methyl-2-phenyl acrylate) samples are close to the Zimm 
result, all values for the poly(methy1-2-ethyl acrylate) sam- 
ples appear to be even higher than the Rouse result. This 
indicates that the former samples probably have a narrow- 
er molecular weight distribution than the latter. 

tends to in- 
crease with an increase of concentration. This effect, repre- 
senting a progressive change from Zimm-like to Rouse-like 
behavior,13 has recently been treated theoretically by Wang 
and Zimm.14 

High-Frequency Behavior. In general the present re- 
sults are in agreement with the observations made pre- 
v i o u ~ l y ~ ~ ~  on polystyrene and poly(wmethy1styrene). The 
high-frequency behavior of a polymer is related to the 
short-range internal dynamics of the chain. The availabili- 
ty of data on six different polymer species now enables us 
to look for a relation to chemical structure. Apparently, the 
way the data are plotted in Figure 5 does not give an indi- 
cation of any such relation. 

Fixman and Kovac15 recently made an intensive theoret- 
ical study of the viscoelastic behavior of models in which 
constraints of constant bond lengths and constant bond an- 
gles are introduced. For a freely jointed chain of beads con- 
nected by rods, without hydrodynamic interaction between 
the beads, they derive that the high-frequency viscosity is 
overwhelmingly an effect realized on a very local scale. This 
explains why the intrinsic high-frequency viscosity [q’] is 
independent of molecular weight and solvent viscosity. The 
actual value of [?’I.. depends on the structural details of the 
chain. This can be treated by imposing different con- 
straints on bond angles in the model chains. 

In this sense a plotting of high-frequency viscosity data 
as a function of concentration appears to be rather arbi- 
trary. In order to compare results for different polymers, 
they should be related to the number of monomeric chain 
units present per unit volume. Therefore, the results in 

In all cases the value of [q / (q  - 

7 

POLY ( M E T H Y L  M E T H A C R Y L A T E )  5 
c = 0.0395 q /ml  9 

B 
5 

I 1  
0 I 2 3 4 

l o 9  wo, 0 1  2 5 O C .  

Figure 4. Plots of G’, and (G” - oq,),, rEduced to 25OC, for poly- 
(methyl methacrylate) in Aroclor 1254, M, = 1.5 X lofi. Pip up, 
9.5OC; 45’ clockwise rotations, 14.6, 20.1, 25.0, 31.1, 35.8, and 
43.8OC, respectively. 

0.3 - 

VI 
F 

>0.2 - 
F 

CII 0 

1 

- 

I 1 , 
O I 2 3 4 5 

0 

c to2 (g /mI)  

Figure 5. Plot of log ( q ’ J q J  against concentration for all samples 
investigated. The origins of the points are indicated by the names 
a t  the curves. Various fillings of the symbols indicate different mo- 
lecular weights: open symbols, lowest molecular weight samples; 
half-filled, intermediate molecular weight; filled, highest molecular 
weight. Small symbols represent measurements done in Aroclor 
1248. 

Figure 5 have been replotted’in Figure 6 to give log ($m/qs) 
as a function of the number of monomer units per millili- 
ter: N ~ c l M o ,  where N A  is Avogadro’s number and Mo the 
molecular weight of the monomer unit. Three groups of 
polymers are now clearly discernable in Figure 6: (i) a 
group with polystyrene as the only representative, contain- 
ing single aromatic substituted monomer units, giving the 
lowest contributions to the high-frequency viscosity; (ii) 
the groups of poly(methy1 methacrylate), poly(methyl-2- 
ethyl acrylate), and poly(methy1-2-n-butyl acrylate), with 
double aliphatic (or aliphatic ester) substituted monomer 
units giving rise to intermediate contributions to the high- 
frequency viscosity; (iii) the group of poly(cu-methylstyr- 
ene) and poly(methy1-2-phenyl acrylate), with mixed ali- 
phatic-aromatic substituted monomer units, giving the 
largest contributions to the high-frequency viscosity. Attri- 
buting these results to structural effects in the chains is 
quite obvious. Values of [q’lmMo/N*, derived from the 
slopes of the lines, are included in Table V. 
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them. The position of the curves along the frequency scale 
bles I to 111; no attempt is made at  present to interpret 
is determined by the magnitudes of the relaxation times in 
the solvent used. In particular the longest relaxation time 
71 may be obtained from matching the theoretical and ex- 
perimental curves along the frequency axis. Values of 71 are 
given in Tables I to I11 also. 

The Peterlin theory provides us with a means of extrapo- 
lation to obtain limiting high-frequency values of G‘. The 
values of G’, obtained in this way are given in Tables I to 
111. In paper I1 it was shown that the ratio of G’,lu2, where 
up is the volume fraction of the polymer, was nearly con- 
stant for polystyrene. The value of G’,, however, is the 
only quantity in the Peterlin theory which depends on 
PIN. For a slightly different choice of PIN one can obtain 
theoretical curves which fit the data as well by small 
changes in the values of h* and plf. However, this will in- 
troduce a molecular weight dependence of G’,lvp, which 
would be in contradiction to the independence of the high- 
frequency viscoelastic behavior of polymers of their overall 
dimensions. Therefore a constant GrmIv2 can be an indica- 
tion of a proper choice of PIN. The average values of G’J 
u2 for all polymers investigated up to the present are gath- 
ered in Table V. They decrease in the same order as 
[q’],MolN~ increases. Although this looks like a definite 
trend, it should be kept in mind that it is strongly related 
to the choices of PIN in the first place. 

Significance of t he  Peterlin Theory. At this point the 
question may be raised as to what is the significance of the 
parameters derived from the Peterlin theory. Undoubtedly, 
this theory predicts the right shape of the G’ and G” curves 
within the frequency range considered. Recent measure- 
ments of Miller and Schraglg and of Plazek et  a1.,20 how- 
ever, have shown that a t  still higher frequencies phenome- 
na are observed which cannot be interpreted in terms of 
the Peterlin theory. In particular, G’, would only corre- 
spond to a temporary plateau in G’, which starts to rise 
again a t  higher frequencies. 

As to the internal viscosity parameter plf,  the same ef- 
fect is observed as has been reported already in paper I1 for 
linear polystyrenes: it increases with a decrease of molecu- 
lar weight. At first plf was always considered to be a char- 
acteristic parameter of the macromolecule, independent of 
molecular weight, while on the other hand p should be in- 
dependent of solvent viscosity. The independence of p of 
solvent viscosity had to be dropped2 to account for the per- 
fect superposition of the measurements done at  different 
temperatures. Moreover, a closer look at  the Peterlin theo- 
ry reveals21 that a molecular weight independence of plf is 
incompatible with a molecular weight independent high- 
frequency viscosity. Experimentally, the increase of plf re- 
quired to fi t  the data a t  low molecular weights agrees with 
this observation. 

Recent works on the viscoelastic properties of bead-rod 
 model^^^,^^ and models containing constraints on bond 
lengths and bond angles15sZ4 have shown that the absence 
of an infinite-frequency contribution to the dynamic vis- 
cosity in the Rouse-Zimm theory is a characteristic feature 
of approximating a macromolecule by a bead-spring model. 
The Fixman-Kovac theory15 for freely jointed linear bead- 
rod models predicts a frequency dependence of the moduli 
G’ and G” which agrees rather well with the experimental 
observations over the whole frequency range, provided 
their parameter N is not interpreted as the number of 
chain bonds, but rather as a number of subunits each com- 
prising several chain bonds. Otherwise, it underestimates 
the magnitude of the intrinsic high-frequency viscosity, 
though correctly predicting its molecular weight indepen- 
d e n ~ e . ~ ~  It  avoids the use of internal viscosity which in the 
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Figure 6. Data of Figure 5, replotted as log (q ’Jqs)  against the 
number of monomer units per milliliter: cN~Ih40. Symbols as in 
Figure 5. 

In the case of the aliphatic disubstituted chains it turns 
out that an increase of the size of the side groups decreases 
the contribution to the high-frequency viscosity to a small 
extent. Apparently, no direct steric effects are involved in 
the high-frequency viscosity, because one would have ex- 
pected the opposite effect in that case. This agrees with the 
experirnental observations that the unperturbed chain di- 
mensions of poly(methy1-2-ethyl acrylate), poly(methyl-2- 
n-butyl a ~ r y l a t e ) , ~  and poly(methy1-2-phenyl acrylate)16 
are of approximately the same magnitude and comparable 
with literature values for other polymers. Various other 
reasons, however, might be responsible for this effect such 
as differences in t-cticity between the polymers, differ- 
ences in solvent power, or a certain degree of coupling be- 
tween neighboring monomer units. The latter makes an in- 
terpretation of high-frequency viscosity data in terms of in- 
dividual bonds perhaps a too simplistic approach. 

Frequency Dependence of G‘ and GIf. As in papers I 
and 11, an attempt was made to fit the experimental data to 
the Th~rston-Peterlin’~ formulation of the Peterlin18 theo- 
ry, which incorporates internal viscosity into the Rouse- 
Zinim theory. This led to satisfactory results only in the 
cases of sufficiently monodisperse samples. Figures 2 and 3 
give examples of the excellent fits obtained for the poly- 
(methyl-2-n-butyl acrylate) and the poly(methy1-:!-phenyl 
acrylate) samples. In the case of the less monodisperse 
poly(niethy1-2-ethyl acrylate) samples, Figure 1, rather 
poor fits of G‘ are observed at  low frequencies. This is di- 
rectly related to the high values of [ q / ( v  - d ] 2 J e ~ o  ob- 
tained for these samples. 

The parameters needed to describe the shape and the 
spacing of the curves are the finite number of submolecules 
N, the hydrodynamic interaction parameter h*, and the 
ratio p/f, where p is the internal viscosity parameter and f 
the friction factor of a bead. N should be proportional to 
the molecular weight of the polymer, so that PIN ( P  being 
the degree of polymerization) is a constant. F ~ r m e r l y , ~  a 
value of PIN for polystyrene was chosen on the basis of os- 
cillatory flow birefringence data. However, for the present 
polymers no birefringence data are available so the assign- 
ment of the parameters is somewhat less certain. The pa- 
rameters used are given in Tables I to 111. 

The calculated magnitudes of G‘ and G“ have been ad- 
justed slightly as indicated by the crosses in Figures 1-3. 
Their ordinates correspond to G+ = cRTIM in the theory. 
The experimental value of G+ corresponds to a molecular 
weight M,, which is somewhat different from the actual 
molecular weight. The values of &fve/&fw are given in Ta- 
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Peter l in  theory  leads t o  a n  ex t ra  adjustable parameter ,  the 
actual  physical meaning of which is poorly understood. 

Acknowledgment. This work was suppor ted  in p a r t  by 
a g ran t  from the National Science Foundation. We are in-  
deb ted  t o  Professors J. L. Schrag a n d  R. B. Bird for valu- 
able discussions, t o  Professor M. Kura ta  for the polymer 
samples,  and to Mr. F. H. M. Nestler and Miss Hsin H u a n g  
for help with calculations. J.W.M.N. is grateful to the 
Nether lands  Organisation of the Advancement  of P u r e  Re- 
search (Z.W.O.) for receiving a travel grant .  

References and Notes 
This investigation was part of the research program of the Rheology 
Research Center, University of Wisconsin. 
D. J. Massa, J. L. Schrag, and J. D. Ferry, Macromolecules, 4, 210 
(1971). 
K. Osaki and J. L. Schrag, Polym. J . ,  2, 541 (1971). 
J. W. M. Noordermeer, 0. Kramer, F. H. M. Nestler, J. L. Schrag, and 
J. D. Ferry, Macromolecules, 8,539 (1975). 
M. Iwama, H. Utiyama, and M. Kurata, J .  Macromol. Chem., 1, 701 
(1966). 
H. J. Cantow and G. V. Schultz, 2. Phys. Chem. (Frankfurt am Main), 
2, 117 (1954). 

Scission of Polymer Chains by High-speed  Stirring 677 

( 7 )  D. J. Massa and J .  L. Schrag, J .  Polym. Sei., Part A-2 ,  10, 71 (19i21. 
(8) J. D. Ferry, “Viscoelastic Properties of Polymers”, 2nd ed ,  Wiley, New 

(9) P. E. Rouse, J. Chem. Phys., 21,1272 11953). 
York, N.Y., 1970. 

(10) B. H. Zimm, J .  Chem. Phys., 24,269 (1956). 
(11) A. S. Lodge and Y.-J. Wu, MRC Technical Summary Report No. 1260, 

Mathematics Research Center, University of Wisconsin, Madison, Wis- 
consin, 1972. 

(12) S. E. Lovell and J. D. F e r r y , J .  Phys. Chem., 65,2274 (1961). 
(13) J. E. Frederick, N. W. Tschoegl, and J. D. Ferry, J .  Phys. Chem.,  68, 

1974 (1964). 
F. C. Wang and B. H. Zimm, J .  Poiym. Scl. ,  Polym Phys E d ,  12,1619, 
1638 (1974). 
M. Fixman and J. Kovac,J. Chem Phys., 61.4939,4950 (1971). 
M. Kurata, private communication. 
G. B. Thurston and A. Peterlin, J .  Chem. PhJs. ,  16,4881 (19671. 
A. Peterlin, J .  Polym. Sci., Purt A-2, 5 ,  179 (1967). 
J. W. Miller and J. L. Schrag, Macromolecules, 8,361 (1975). 
E. Riande, H.  Markovitz, D. J. Plazek, and N. Raghupathi, private 
communication. 
A. Peterlin and C. Reinhold, Trans. Soc Rheoi., 11,16 (1967). 
R. B. Bird, H. R. Warner, Jr . ,  and D. C. Evans, Adc. Polym. Scr , 8, 1 
(1971 ). 
0. Hassager, J .  Chem Phys., 60,2111,4001 (19741. 
H. Nakajima, M. Doi, K. Okano, and Y.  Wada, Rep. Prog. Poiym. Phqs. 
J p n . ,  16.91 (1973). 
M. Fixman and G. T. Evans, private communication. 

Relationship between Hydrodynamic Volume and the 
Scission of Polymer Chains by High-speed Stirring 
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ABSTRACT Five different vinyl polymers, poly(methy1 methacrylate), poly(methy1 acrylate), poly(a-methylsty- 
rene), polystyrene, and polyisobutylene, were stirred at  30,000 rpm by a T. K. Homomixer a t  a polymer concentra- 
tion of 0.04% w/v in various solvents for 2 hr in order to investigate the relationship between final chain length and 
the hydrodynamic volume of the polymer chains in the solvents. After prolonged stirring a t  low concentration the 
ruptured polymer chains reached a nearly constant hydrodynamic volume independent of the type of solvent, and 
polymers with higher Tg’s, Le., the more rigid polymers, attained lower hydrodynamic volumes. The results indicate 
that there is a relation between mechanical scission of polymer chains in solution and their hydrodynamic volume. 

The authors  have been studying various factors which af- 
fect  the scission by high-speed ~ t i r r i n g l - ~  of solutions of 
long-chain polymers such as poly(methy1 methacrylate) 
a n d  polystyrene. It has been found that the ra t e  of scission 
of polymer chains is higher and the final chain length is 
shorter  i n  good t h a n  in poor solvents at a low concentra- 
t i ~ n . ~  Because polymer chains are more extended and thus 
have larger intrinsic viscosities in good than in poor sol- 
vents,  the products of final chain lengths and their intrinsic 
viscosities in the results4 seemed to approach a constant 
value regardless of the kinds of solvents used at low con- 
centrations.  According to Flory,G the following equation 
holds for polymers in solution 

[q]M = +(6s2)3’2 

where [q] is the intrinsic viscosity, M is the molecular 
weight, 9 is the Flory constant, a n d  (s2) is the mean-  
square  distance of an element from the center of gravity. 
Therefore,  t h e  products described above can  be  estimated 
in te rms  of hydrodynamic volumes. 

In this s tudy,  t h e  relationship between hydrodynamic 
volumes a n d  the final chain lengths of various polymers 
was investigated af ter  st irring at low concentration in sev- 
eral solvents. 

Experimental Section 

Materials. The linear long-chain polymers used for degradation 
were prepared as follows. Poly(methy1 methacrylate) (PMMA) was 
prepared in the same way as described in a previous paper.4 Vis- 
cosity average degree of polymerization, (p,), was 6250 and molec- 
ular weight, (M,), was 625,000. Polystyrenes (PSt-1 and PSt-2) 
with different molecular weights and molecular weight distribu- 
tions were used. PSt-1 was described in the previous paper4 and 
PSt-2 was 2btained from Pressure Chemical Co. P, of PSt-1 was 
5610-and M, was 583,000. The nominal molecular weight and 
M,/K,, of PSt-2 were 2,000,000 and less than 1.30, respectively. P ,  
and M, of PSt-2 measured by the authors were 15,300 and 
1,590,000, respectively. Poly(methy1 acrylate) (PMA) was sponta- 
neously polymerized b y  sunlight in a sealed glass container in the 
absence of initiator. P, was 17,800 and M, was 1,530,000. Poly(cy- 
methylstyrene) (PaMSt) was obtained by polymerizing the puri- 
fied monomer using living tetramer of a-methylstyrene obtained 
by rescting the monomer with sodium metal in THF. p ,  was 8980 
and M, was 1,060,OOO. Polyisobutylene (PIB) (Visianex MML-100 
sueplied by Esso Standard Petroleum Co.) had a P, of 16,500 and 
a M, of 927,000. Solvents were used after purifying by the usual 
methods. The P, and Mu values listed for the above polymers were 
determined from equations contained in the next section. 

Procedure. Solutions of each polymer (200 ml) in each solvent 
a t  a given concentration were prepared and stirred at  30,000 f 500 
rpm at 30 f 5 O  for a given time by a high-speed mixer. The experi- 
ments with PSt-cyclohexane were carried out at 40 f 5 O .  The 


