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Solution Properties of Poly(methy1 Methacrylate) by 
Viscometric Measurements in Organic Solvents. I 

SUBASINI LENKA, PADMA L. NAYAK, and MANORANJAN DASH 

Laboratory of Polymers and Fibers  
Department of Chemistry 
Ravenshaw College 
Cuttack 753003, India 

A B S T R A C T  

Poly (methyl methacrylate) prepared by benzoyl peroxide was frac-  
tionated. The variation of the intrinsic viscosity and Huggins and 
Kramer constants with temperature and solvent was studied. F rom 
the viscosity data the thermodynamic interaction parameters  0 and 
rc/ were evaluated and are discussed. The Fox-Flory and constant 
K was determined by using Kurata-Stockmayer, Fox- Flory,  Stock- 
mayer-Fixman, and Ber ry  equations. 

I N T R O D U C T I O N  

The solution properties of poly( methyl acrylate) in var ious solvents 
by light scattering, osmometry, and viscosity techniques have been in- 
vestigated by many workers [l- 151. Viscometric studies of high poly- 
m e r  solutions at and above the Flory temperature,  0, have been widely 
used in determining the Fox-Flory constant, K. Some of the methods of 
determination of K from measurements in good solvents were reviewed 
by Cowie [l]. Many empirical  and semiempirical  methods [16-311 fo r  
the estimation of K from viscometric measurements in good solvents 
have recently been proposed. 
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470 LENKA, NAYAK, AND DASH 

In the present investigation the viscosity behavior of poly (methyl 
methacrylate) in four solvents was studied within the temperature range 
of 25 to  60°C, and the thermodynamic parameters K and $’ were evalu- 
ated and are  discussed using the Fox-Flory [32], Stockmayer-Fixman 
[33], Kurata-Stockmayer [34, 351, and Berry equations [36]. 

T H E O R E T I C A L  

In the theory developed by Flory and Fox [32] and Kurata e t  al. 
[34, 351, the intrinsic viscosity [q] is related to the Fox-Flory con- 
stant K, the molecular weight M, and the hydrodynamic expansion fac- 
tor an by 

where $J is a universal parameter and i( denotes the unperturbed 
mean-square end-to-end distance. 

The thermodynamic parameters x and Z a re  defined [15, 331 by 

zAw 12x1 x =  .. 
kT 

where AWI2 is the change in energy for the formation of an unlike con- 

tact pair, x1 is the number of segments in the solvent molecule, and Z 
is the lattice coordination number: 

3/2 - 2 - w a  

Z = ( , )  B(:) M’Ia 

where 

B = (2Y2/NAV1)(’/2 - x ) =  B O ( l  - 0 /T)  (3b) 

- 
v is the (partial) specific volume of the polymer, V1 is the molar vol- 
ume of the solvent, and NA is Avogadro’s number. The linear expan- 

sion factor (Y (d = 2, S 
ular radius) for linear polymers has been related to  x (or Z)  through 
many theoretical and semiempirical equations, notably by Fox and 
Flory [32] (Eq. 41, Kurata and Stockmayer [34, 351 (Eq. ?a), and Berry 
[36] (Eq. 8). 

= ra /F;, S2 denoting the mean square molec- 0 
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SOLUTION PROPERTIES OF PMMA. I 

a5 - (Y3 = 2CM(’/2 - x)M1/’ 

where 

CM = (27/25/2~s /2  ) ( Z ’ / V ~ N ~ ) ( M / ~ ~ ) ” ’ *  

as = 1 + 22 

a3 - a = - z (Q)  
4 

3 g  
where 

471 

( 4 )  

The exact relation between a and z is still an open question, and 
a large number of other recent publications [37-451 are devoted to the 
excluded volume effect and its relation to solution properties. The 
equations developed have been widely used with partial success. Simi- 
larly, the exact relation between a and an has not been fully established 

[40, 461. The relations a = a due to Flory [32], Q~~ = 

Kurata and Yamakawa [47], and an3 = a ’ * 9 5  i 0.15 near 0 due to Nori- 
suye et al. [46] have been suggested. In any case, at 0, for  any poly- 
mer-solvent system, a = a = 1 holds and hence evaluation of K and 0 
is the most accurate method. 

On the other hand, for evaluation of K from [ 771 at T > 0 (in good 
solvent), a number of equations relating [ 771 and M through K (after 
eliminating a, a z, etc.) have been suggested. Fox and Flory [32] (F- 
F) obtained 

due to n 

n 

n’ 

Kurata and Stockmayer [34, 351 (K-S) arrived at 

[ 771 ’/’ /MI/’ = K213 + 0.363+B[g( *n)M2/3 /[ 771 )] 

Stockmayer and F’ixnian [33] (S-F) and others derived 

[ 771 /MI/’ = K + 0. 51$BM1/2 

Berry [36] proposed 
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472 LENKA, NAYAK, AND DASH 

Besides these, several other proposed equations [48, 491 have had 
partial success. According to all these equations, the value of K is 
obtained from the intercepts on the ordinates of the plots of the quan- 
tity on the left-hand side versus a function of M and [ q]  on the right- 
hand side. 

E X P E R I M E N T A L  

P o l y m e r i z a t i o n  a n d  F r a c t i o n a t i o n  

Poly (methyl methacrylate) (PMMA) was prepared by the polymer- 
ization of double distilled monomer at 60°C using benzoyl peroxide as 
the initiator. The polymer was fractionated by the standard procedure 
using benzene as the solvent and n-hexane as the nonsolvent. The 
molecular weight of the fractions were determined viscometrically by 
using the equation 

in benzene 5 - 0 . 7 6  [ q ]  = 5.2 X 10- Mw 

S o l v e n t s  

The solvents benzene, toluene, ethyl acetate, and ethyl methyl ke- 
tone were of BDH AnalaR grade. The solvents were purified by the 
standard procedure and freshly distilled before use. 

tion viscometer was used. The viscometer was calibrated with double 
distilled water. Kinetic energy and density corrections were applied. 
[ q] was evaluated as an average value of the intercepts of the plots of 
In qr/c versus c and q /c versus c both graphically and by the least 
square method. 

For viscometric studies, an Ubbelohde type suspended level dilu- 

SP 

R E S U L T S  AND DISCUSSION 

The intrinsic viscosities [ q ]  , Huggin' s constant (k '  ), and Kramer'  s 
constant (k") for representative fractions at various temperatures in 
various solvents for PMMA systems are  given in Table 1. The varia- 
tion of [ q ]  with temperature for PMMA (Fig. 1) in different solvents 
was studied. From the intrinsic viscosity data of PMMA systems, the 
parameters 0, J / ,  and k were obtained from the Fox-Flory plots of 
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474 LENKA, NAYAK, AND DASH 

0.1 
10 20 30 40 50 60 

T°C 

FIG. 1. [ 771 versus T plots of different poly(methy1 methacrylate) 
fractions in various solvents: ( 0 )  Fraction I (Mw = 5.4305 X 10') in 
benzene; (a) Fraction II (mw = 5.161 X lo5 in butanone; ( ) Fraction 
TI1 (Mw = 4.952 x 10') in butanone; ( 0 )  Fraction II (mw = 2.035 X 10') 
in ethyl acetate; (A ) Fraction III Mw = 1.898 X lo5 ) in ethyl acetate; 
( m  ) Fraction II (aw = 0.99944 X 10' ) in toluene. 

(as  - 2 )/M1" versus 1/T (Fig. 2), assuming K = 4.8 X lo-' and tem- 
perature independence for the polymer. 

mayer-Fixman' s method plottin S versus 1/T (Fig. 3), where S is 
the slope of the plots of [ 771 /M1" versus M"' (Fig. 4)  at different 
solvents. 

ferent solvents studied at a given temperature a re  in the order  ethyl 
methyl ketone > benzene > ethyl acetate > toluene. This is roughly 
in the order of decreasing solvent power as judged from solubility 
parameter (6) data [50]. It has been noted [51, 521 that in the polar 
solvents o r  solvents which are self-associated, the unperturbed 
dimensions decrease with increasing polarity o r  increasing associa- 
tion. The order of the values of [ 771 for a given polymer fraction in 
a given set  of solvents may therefore be understood in te rms  of the 
combined effects of segment solvent interactions, polarity and asso- 
ciation of solvent, etc. 

The values of 0 and @ (Table 2) were also calculated by Stock- 

The experimental values of [ 71 for the PMMA fractions in the dif- 
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SOLUTION PROPERTIES OF PMMA. I 475 

FIG, 2. Plots of an5 - on3 versus  1/T for different poly(methy1 
methacrylate) fractions in various M”’ solvents: ( 0 )  Fraction II (Mw 
= 5.161 X lo5 ) in butanone; ( A )  Fraction III (aw = 4.952 X lo5)  in buta- 
none; ( o  ) Fraction II (@ = 2.035 X lo5)  in ethyl acetate; ( 0 )  Fraction 
I11 (MW = 1.898 X lo5) in ethyl acetate. 

W 

Defining a solvent with 6 values very much below the working tem- 
perature (=  300 K) as a good solvent, and a solvent showing 0 values 
equal to o r  higher than the working temperature as a poor solvent, in 
general, when K (or  F:) is practically independent of temperature, the 
[ 771 values of a given fraction in a given solvent are expected to in- 
crease sharply with T in the vicinity of 6 (i.e., for poor solvents) and 
increase only slightly with T a t  temperatures much higher than 6 ac- 
cording to [51, 521 
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200 400 600 800 1000 

0 200 400 600 800 

, /. 
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0 200 400 600 800 

FIG. 3. Plots of q m w l ”  versus (Stockmayer-Fixman plots 
W 

for  poly( methyl methacrylate)-butanone system): ( 0 )  25°C; ( A )  35°C; 
( ) 45°C. 

d In yo2 

dT 

2Y 

3 
- _  

dX 1 1 

2 dT 
( 5  - y)(.? - ( 3  - y)]-l[ (282 - 81) - (- - x)-l - 

P ,  and B are  bulk expansion coefficients of the solvent and liquid 
polymer and y is given by an3 - a’. The value of q increases slightly 
with increasing temperature in the case of all the solvents studied, 
and a flat maximum was obtained (A, B, C, D, E, F)  in the [ q ]  versus 
T curves (Fig. 1). Kawai [53] observed a maximum in the [q] versus 
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478 LENKA, NAYAK, AND DASH 

FIG. 4. Plot of S versus 1/T for  poly(methy1 methacrylate)- 
butanone system. 

T curves of PMMA in the fairly good solvent acetone and explained 
this result by the opposite behavior of the temperature coefficients 
of an and K. Moore [54] reported that such a maximum could not 
be confirmed by his measurements. The Huggin's constant k' de- 
creases  with increasing temperature in the case of toluene, but in 
the case of good solvents such as benzene, methyl ethyl ketone, and 
ethyl acetate, the Huggin's constant k' decreases sharply with de- 
creasing temperature. 

The 6 and K values for all systems studied were positive, showing 
that the heat of mixing was endothermic. As  found for other systems, 
the values of I) were also positive but lower than the ideal value of 0.5 
predicted by the theory and varied from solvent to solvent. However, 
the value of 6 approaches 0.5 (0.43) in the case of ethyl acetate. The 
values of 0, q, and x for PMMA systems are in good agreement with 
those reported by Fox [6] who also determined these values by apply- 
ing the F-F equation. In the case of benzene and ethyl acetate, the 6 
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SOLUTION PROPERTIES OF PMMA. I 479 

values calculated by applying the F-F and S-F methods varied con- 
siderably whereas in the case of toluene and methyl ethyl ketone, the 
values are  approximately the same. The values of + calculated by 
the F-F  and S-F methods a re  comparable. Since the correctness of 
the parent equations ( 4  to 8) is still uncertain, these values of + and 
K cannot be taken as absolute [50]. The values of I& show a variation 
with molecular weight, increasing slightly with decreasing M, which 
is probably due to a change in the value of the constant CM as antici- 
pated by the Flory-Fisk equation. Comparison of the + values ob- 
tained by various methods shows that the values calculated by viscom- 
etry are of the same order as  those obtained by osmometry but lower 
than those from the precipitation method. Higher values of + obtained 
by precipitation probably reflect the variation of the latter with con- 
centration. 

The Fox-Flory constant K may be obtained from viscosity data by 
two methods: 1) in good solvents by using suitable extrapolation pro- 
cedures based on equations relating to ff, ff and z;  and 2 )  by certain 
empirical and semiempirical methods. 

n' 

K f r o m  1771 i n  Good  S o l v e n t s  

This method is convenient since viscometry could be employed for 
good solvents with facility. Since the exact relations among ff, ffn, and 
z are  not yet established, the values of K and 0 obtained are at best ap- 
proximate, but serve at least as a good estimate of K, the accuracy be- 
ing greater the closer T is to 0. Keeping the approximations involved 
in mind, we have chosen the widely used plots of K-S (Fig. 5), F-F (Fig. 
6), S-F (Fig. 7), and Berry (Fig. 8)  for getting an estimate of K. From 
the nature of the extrapolations involved, not much meaning may be at- 
tached to the apparent variation of K with T. When the value of K was 
evaluated from [ 771 at T > 0, the extrapolation methods gave values of 
K comparable to those obtained at T close to 0. The values of K 
(Table 3 )  were computed at higher temperatures in comparison to 
the 0 temperature. That is why the values of K in the case of all sol- 
vents calculated using all the methods a re  higher than the literature 
values [50]. Such deviations have also been observed by others [55] 
and were attributed to the fact that the parent equations relating to LY 
and z hold good only at low values of z. The higher K values found by 
the S-F, K-S, and Berry methods a re  attributed to the tendency of the 
plots to bend downward [at higher M o r  Z] and to give a higher inter- 
cept on the ordinate and hence a higher K on extrapolation. 

The effect of temperature is rather interesting. With an increase 
of temperature, yo2, and hence K, is expected to decrease [ 151 due to 
a greater freedom to rotation around the skeletal bonds. On the other 
hand, an increase of "d (and K) with temperature may be explained 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



4 80 

1 1  

LENKA, NAYAK, AND DASH 

/ /  - 

- 2/3/[,] 1/31 10.3 ( d ~ 1 / 3 ~ 1 / 3 )  
‘Mw 

FIG. 5. Plots of 77”’ mW1” versus a’s /ql” (Kurata-Stock- 
W 

mayer plots for poly( methyl methacrylate-butanone system): ( 0  ) 25°C; 
(A) 35°C; ( ) 45°C. 
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L 

4 5 6 7 I 

(gw/lql ) x lW5 (dL.' g) 

FIG. 6. Plots of 7 7 2 / 3 ~ w 1 / 3  versus Rw/[ 771 ( Fox-Flory plots for 
poly(methy1 methacrylate)-butanone system): ( 0 )  25°C; ( A )  35°C; 
( m )  45°C. 
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% l’* 

FIG. 7. Plots of qmwl” versus mp1’2 (Stockmayer- Fixman plots 
for poly(methy1 methacrylate-toluene system): ( 0 )  26°C; (A) 30°C; ( m )  
39°C. 
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SOLUTION PROPERTIES OF PMMA. I 4 83 

FIG. 8. Plots of vbfw1’2 versus Mw/q (Berry plots for poly- 

(methyl methacrylate)-butanone system): ( 0 )  25°C; ( A )  35°C; ( m )  
45°C. 

[56] on the basis of the increased freedom of rotation of the side chains. 
Our present knowledge of the effects does not warrant the separation [57] 
of the solvents and temperature effects on K a s  determined by viscosity 
measurements, even at  T = Q. The temperature coefficient of K from 
stress-strain measurements on the bulk polymer i s  often found [51] to 
be not only different in magnitude but even opposite in sign to that de- 
duced by viscometry. To a first  approximation [58, 591, the variation 
of K with 0, for a set  of chemically similar solvents may be taken to 
reflect the temperature coefficient of K. 
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