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The intrinsic viscosity of poly(ethyl methacrylate) in isopropyl alcohol (propan-2-01) around the theta (0) 
temperature was measured using a capillary viscometer. Contraction and collapse were observed below 
the 0 temperature. Because of experimental difficulties around the cloud point, mathematically curve-fitted 
experimental points were obtained instead of experimental data at lower temperatures. The temperature 
dependence of the intrinsic viscosity can be represented by a master curve in a plot of ct3lzl/~t~/2 (gl/2 mol- 1/2) 
vs. Izlh4r~/2 (gl/2 mol-1/2), where ~, =([rl]T/[~l']O) 1/3 is the viscosity expansion factor and z =(T-O)/T is the 
reduced temperature. A universal plot of reduced viscosity vs. reduced blob parameter (N/Nc) shows the 
attainment of the collapsed state below the 0 temperature. The results in this work have been compared 
with previously published results. 
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INTRODUCTION 

The average dimension and conformation of a polymer 
chain in solution vary with the nature of the 
polymer and the solvent quality 1. In a good solvent, the 
polymer chain expands due to repulsive intramolecular 
interactions 2'3. The transition of a flexible polymer chain 
from random-coil behaviour at the theta (0) temperature 
to a collapsed globule at lower temperatures occurs in a 
poor solven# -t3. However, in many polymer-solvent 
systems, phase separation occurs not only below the 
upper critical solution temperature (UCST-) but also 
above the lower critical solution temperature (LCST), 
which often appears near the gas-liquid critical tempera- 
ture of the solvent 14'15. 

Many experimental results related to the collapsed 
regime based on static and hydrodynamic properties of 
polymer solutions, especially using polystyrene as the 
polymer and cyclohexane as the solvent, have been 
reported 16-22. The coil-globule transition is observed in 
various natural and synthetic gels as well as in poly- 
acrylamide polymers 23-3°. 

Recently, the author has reported the thermodynamic 
interaction parameters of poly(ethyl methacrylate)- 
isopropyl alcohol and the temperature coefficient of the 
dipole moment of poly(ethyl methacrylate) in different 
solvents31,3 2. 

The aim of the present study is to observe the coil 
expansion around the 0 temperature and polymer 
contraction at temperatures below the 0 temperature 
(0 = 36.9°C) of the poly(ethyl methacrylate) (PEMA) chain 

in isopropyl alcohol (propan-2-01, IPA). The results of 
this work were compared with previously published 
results. For this purpose, the intrinsic viscosities [r/] of 
a PEMA sample were determined over a wide tempera- 
ture range around the 0 temperature in IPA, which is a 
0 solvent for this polymer at 36.9°C. Because of 
experimental difficulties around the cloud point, experi- 
ments for the PEMA-IPA pair at lower temperatures 
could not be performed. Therefore, mathematically 
curve-fitted experimental points were obtained instead of 
experimental data at lower temperature. 

THEORETICAL BACKGROUND 

Theoretical studies show that, in order to describe the 
collapsed state of a single polymer chain correctly, not 
only intramolecular interactions but also intermolecular 
interactions must be taken into account near to and 
below the 0 temperature 2.'33'3.. The expansion factor ct 
is related to a chain dimension R as • = R(T)/R(O), where 
R can be either the hydrodynamic radius R h or the radius 
of gyration R v The intrinsic viscosity expansion factor 
is given by: 

~3 = E,d ~/E,flo (1) 

where [r/] T and [r/]o represent the intrinsic viscosities in 
ordinary and 0 solvents, respectively. 

In the past few years, it has been shown in several 
works 2°-22 that the temperature dependence of intrinsic 
viscosity can be represented by a master curve in a plot 
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of ~31z[.~//2 versus ITl2~r~/2, where r = ( T - O ) / T  is the 
reduced temperature and Mw is the weight-average 
molecular weight. 

According to the temperature blob theory 3s'36, the 
expansion factors ~, (radius of gyration) and % (hydro- 
dynamic radius) have the following asymptotic limits in 
the collapsed regime, for T< 0: 

cq = 1.161(N/N~)- ~,,6 (2) 

c~ h = 1.481(NINe )- x/6 (3) 

where (N/Nc) is the reduced blob parameter. The value 
of c% is between ~, and %. Additional experimental work 
carried out on polystyrene shows that the relation: 

a3= :~% (4) 

is valid between the various expansion factors 9'2°'22'37. 
Combination of equations (2), (3) and (4) yields the 
following equation for the viscosity expansion factor: 

% = 1.259(N/N~)- ~,,6 (5) 

On the basis of the temperature blob theory 38, a 
polymer chain of N monomers is viewed as a succession 
of blobs, each containing N~ monomers. The ratio (N/Nc) 
is directly related to experimentally measurable quantities 
and given by the following equation37: 

N "c2/~w 
- ( 6 )  

N~ Mo(A*NI) 

where M o is the molecular weight of one monomer and 
N 1 is the number of monomer units in a statistical 
.segment. A*N 1 is a prefactor that depends on the nature 
of the solvent and monomer structure but is independent 
of the molecular weight of the polymer chain. The 
prefactor (A*N 0 is an adjustable parameter that can be 
defined empirically from a comparison of theory and 
experiment 37. Combination of equations (5) and (6) yields 
an equation that can be written as: 

(A'N1) = h2/(3.98Mo) (7) 

In the collapsed regime, we can set the plateau height 
to be h in a plot of ~31"C1/~1/2 v e r s u s  Iz[h~/2. 

EXPERIMENTAL 

Poly(ethyl methacrylate) (PEMA) was obtained from 
Polysciences. The molecular weight (bY/w) was determined 
as 2.7 × 105. The molecular-weight distribution was found 
as 1.7 using a g.p.c, method. Isopropyl alcohol (IPA), a 
0 solvent of PEMA, was purified by fractional distillation 
twice. An Ubbelohde-type capillary viscometer was used 
for intrinsic viscosity measurements. The viscometer was 
immersed in a constant-temperature bath controlled to 
+0.005°C over a temperature range of 30.5-42°C. 

Intrinsic viscosities were determined using the following 
equation: 

[r/] = lim (qsp/C) (8) 
C~0 

where qsp =(r / -qo)/r]o is the specific viscosity, q and r/o 
are the polymer solution viscosity and solvent viscosity, 
respectively, and c is the polymer concentration. Nine q~p/c 
values around the 0 point were defined for initial con- 
centrations of PEMA from 1 x 10 -3 to 3 × 10-3gm1-1. 
Intrinsic viscosity values were calculated by least-squares 

linear fitting of the experimental data. Details of the 
experimental procedure were given in ref. 32. To study 
the PEMA-IPA system at sufficiently low temperature, 
intrinsic viscosities over a temperature range of 33-30°C 
(per 0.5°C) were measured in the dilute solution regime 
(c < 9 x 10- 5 g ml-  1) and determined using the following 
approximation: [r/] = qsp/C. The cloud point was observed 
to start at 30.5°C. 

RESULTS AND DISCUSSION 

Experimental results of intrinsic viscosities of a PEMA 
sample at various temperatures are given in Table 1. In 
Figure 1, the expansion factor a, defined in terms of 
intrinsic viscosities in equation (1), is plotted again T/O 
for PEMA in IPA solution. Continuous contraction and 
collapse of PEMA chains in IPA at temperatures below 
the 0 state can be clearly observed from Figure 1. Since 
the cloud point of the polymer was observed at a tem- 
perature of 30.5°C, accurate measurement was possible 
up to 31 °C. 

Chu and coworkers have studied the transition of a 

Table 1 Intrinsic viscosities of PEMA in IPA around the 0 temperature 
(36.9°0 

[u] 
T ( C )  (dig 1) 

30.5 ~ 0.165 0.827 
31 0.158 0.812 
31.5 0.166 0.825 
32 0.161 0.816 
32.5 0.166 0.826 
33 0.185 0.856 
34 0.210 0.892 
35 0.240 0.933 
36 0.267 0.967 
36.5 0.273 0.974 
36.9 0.295 1.000 
38 0.292 1.000 
40 0.302 1.007 
42 0.309 1.015 

Cloud point was observed to start at this value 
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po lymer  d imens ion  f rom 0 to co l lapsed  state for poly-  
s ty rene -cyc lohexane  ( P S - C H )  and  p o l y s t y r e n e - m e t h y l  
aceta te  ( P S - M A )  using l ight  scat ter ing techniques  as well 
as intr insic  viscosi ty measurement s  of  di lute  po lyme r  
so lu t ions  16-2°. I observed  tha t  all of  the mas te r  curves in 
p l o t s  o f  o~3[zl]~ 1/2 (gl/2 m o l -  1/2) VS. [rl_~t*w/2 (gl/2 m o l -  1/2), 
which represent  the t empe ra tu r e  dependence  of  the 
expans ion  factor,  can be a p p r o x i m a t e d  by  a po lynomia l  
express ion  given by" 

f ( x )  = a o + ax  1 + "" + a.x. (9) 

There  is increas ing difficulty and  e r ro r  at  very low 
tempera tu res  and  very low concent ra t ions .  Therefore,  a 
sui table  curve to find the a sympto t i c  p la teau  was fi t ted 
to exper imenta l  results  of  P E M A  solu t ion  in I P A  using 
the po lynomia l  a p p r o x i m a t i o n  given in equa t ion  (7). 

As an example ,  the exper imenta l  d a t a  given in ref. 20 
and  a fi t t ing curve for the P S - C H  system are  shown in 
Figure 2. The po lynomia l  coefficients are given in Table 2 
for some p o l y m e r - s o l v e n t  pairs.  The  a sympto t i c  p la teau  
values of  fi t t ing curves using p o l y n o m i a l  coefficients in 
Table 2 were found to be a lmos t  the same as those 
ob t a ined  f rom the results  of  exper imenta l  da t a  in refs. 20 
and  16. The a sympto t i c  p la teau  value ca lcu la ted  from 
the fit t ing curve of  exper imenta l  d a t a  in ref. 20 is found 
to be 24.4, as shown in Figure 2. Expans ion  factors  of  
P E M A  in I P A  at 30.5-28.5°C were ca lcula ted  using the 
po lynomia l  coefficients in Table 2. 

Table 2 Polynomial coefficients for several polymer-solvent systems 

Degree PS-CH 2° PS-MA 17 PEMA-IPA 

0 0.065 9868 0.186 030 0.128 898 
1 0.883 181 0.849 984 0.806 714 
2 2.161 29 x 10 -3 1.149 12 x 10 -3 -0.02970065 
3 -3.68507 x 10 -4 -4.521 07 x 10 -s - 
4 3.321 31 x 10 -6 1.37241 x 10 -5 - 
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Figure 2 Plot of the scaled expansion factors ~t.al~l~/2 of viscosity as 
-- 1 / 2  '1 a function of scaled reduced temperature IzlMw for PS-CH data from 

ref. 20. The asymptotic plateau region is denoted by a broken line. In 
this region the 3 -1/2 =,lzlM, value is ~ 24.4g*/2 mol-*/2. The theoretical 
curve is denoted by a full line 

Table 3 Expansion factors of PEMA in IPA around the 0 temperature" 

T(oc) ~3 irl~$Z 3 - -  1/2 =nl~lMw (N/Nc) ct,I(N/N,) 1/6 

*28.5 0.385 14.47 5.58 27.43 1.26 
*29 0.413 13.56 5.60 24.07 1.26 
*29.5 0.440 12.67 5.58 21.04 1.26 
*30 0.462 11.95 5.52 18.69 1.25 
*30.5 0.492 10.91 5.39 15.60 1.25 
30.5 0.566 10.91 6.18 15.60 1.30 
31 0.536 10.08 5.41 13.30 1.25 
31.5 0.562 9.19 5.16 11.07 1.23 
32 0.545 8.31 4.53 9.04 1.18 
32.5 0.565 7.48 4.22 7.32 1.15 
33 0.628 6.59 4.14 5.70 1.14 
34 0.711 4.90 3.49 3.14 1.08 
35 0.813 3.20 2.60 1.34 0.98 
36 0.905 1.51 1.16 0.30 0.79 
36.5 0.925 0.67 0.62 0.06 0.61 
36.9 1.000 0.0 0.0 
38 1.003 - 0.40 0.90 
40 1.024 - - 1.75 1.11 
42 1.047 - - 8.48 1.45 

° Values indicated with asterisk (*) obtained from fitting curve 
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Figure 3 Plot of the scaled expansion factors ct31zlh4~/2 of viscosity as 
a function of scaled reduced temperature ITI~/2 for PEMA in IPA: 
(©) experimental results, (@) theoretical results. Asymptotic plateau 
region, which is denoted by a broken line, is ~ITI/~/2 = 5.5 g,/2 mol- 1/2. 
The theoretical curve is denoted by a full line 

Results  for the scaled reduced t empera tu re  IzlM~/2 and 
scaled expans ion  factor  3 - -  1/2 ctnlzlM~, ob ta ined  from intr insic  
viscosity measurements  of  P E M A  in I P A  are col lected 
in Table 3. In  addi t ion ,  ca lcula t ions  at  lower  t empera tu re  
were per formed  by using the po lynomia l  equat ion .  In  the 
same table,  ca lcula ted  %(N/N¢)  1/6 values in the region 
not  far from the lowest  exper imenta l  po in t  are  ind ica ted  
by asterisks.  

Figure 3 shows the var ia t ion  of  scaled expans ion  factor  
of intr insic  viscosi ty with scaled reduced  t empera tu re  of  
the P E M A - I P A  system. As can be seen clearly in Figure 3, 
the behav iou r  of  the po lyme r  chain  is far away  from the 
unpe r tu rbed  state line (c%= 1). In  the P E M A  sample  
s tudied in this work,  the universal i ty  of po lymer  coil 
con t rac t ion  in the co i l -g lobu le  t rans i t ion  is also present  
as in the case of  P S - C H  19-21 and  P S - M A  systems 17. 
The  c o l l a p s e d  reg ime s t a r t e d  at  a b o u t  IrlMw~/2= 
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Figure 4 Universal plot of reduced viscosity size I%) ~,ersus reduced 
blob parameter (N.N D for PEMA IPA system 

10g 1'2 mo1-1:2 for the P E M A  1PA pair. We used the 
value of [z]M~/2 = 12 gl/2 mol  ~/2 to compute  the average 
p la teau  value. In o rder  to construct  a more  universal  
plot, the reduced b lob  pa rame te r  (N/N~)  should  be used 
as the x axis ins tead of the scaled reduced temperature .  
F r o m  exper imenta l  results for P E M A  in the col lapsed 
regime and combina t ion  of equa t ions  (6) and  (7) we have: 

N r2Mw 
- -  (10) 

N~ 114(0.067) 

Figure 4 shows a universal plot of the reduced expansion 
factor % ( N / N c )  1/6 versus reduced b lob  size (NINe) .  
Although the p la teau  value for the scaled expans ion  
factor in the col lapsed regime of P E M A  is different from 
that  of PS, our  a sympto t i c  value (1.25) of viscosity size 
(%) for P E M A  in IPA is a lmost  the same as the repor ted  
l i terature  value for P S - C H  2°, and it is in agreement  with 
blob theory predic t ion  with 0{q=3 0~2~h = 2.0. Exper imenta l  
prefactor  values of viscosity stze were de te rmined  as 1.29 
(ref. 213, 1.27 (ref. 38) and 1.26 (ref. 22) by different research 
groups  for po lys ty rene-cyc lohexane  ( P S - C H )  and poly(4- 
ch lo ros ty rene) -n -p ropy lbenzene  ( P P C S - n P B )  systems. 
The value of prefac tor  (A*N~)  was calculated as 0.067 
from the asympto t i c  height of 3 1/2 %[~[Mw for P E M A  in 
IPA in this work  using equation (7). The values of 
prefactor  for P S - M A  (addi t ion  of 1 w t %  ant ioxidant) ,  
P S - M A ,  PS C H  and P P C S - n P B  have been publ ished 
as 19 (ref. 17), 9.9 (ref. 17), 1.6 (ref. 16) and 4 fief. 22) 
below the 0 temperature ,  respectively. 

C O N C L U S I O N  

A universal  plot  of reduced viscosity size :%(NINe) 1:~ 
versus reduced b lob  pa rame te r  (NINe)  shows the a t ta in-  
ment  of  the col lapsed state below the 0 t empera tu re  for 
the P E M A - I P A  system. As can be seen from the results 
of var ious  prefactors  ca lcula ted for several po lymer  
solvent  systems, the value of prefac tor  ( A ' N 1 )  depends  

not  only on the solvent  qual i ty  (good or  poo r  solvent) 
but  also on the chemical  na ture  of the solvent  used. 

The au tho r  r epor ted  recently different results for the 
t he rmodynamic  in terac t ion  pa ramete r s  of  P E M A  and PS 
chains in a 0 solvent  32'39. These results suggest that  there 
are some extra  repulsive forces in the P E M A - I P A  system 
due to the hydroxyl  g roup  of IPA.  
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