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Our  results confirm that various concentration regimes 

exist in aqueous solutions of charged macromolecules i n  
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Static Light Scattering from Aqueous Poly(ethy1ene oxide) 
Solutions in the Temperature Range 20-90 "C  
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ABSTRACT: Static light scattering from aqueous solutions of poly(ethy1ene oxide) has been recorded over 
the temperature range 20-90 "C and at  eight different concentrations varying from 0.25% to 2% for a polymer 
of molecular weight 20000. In spite of the low molecular weight, strong angular dependence of the scattering 
and a very high average particle weight M, were found, indicating the presence of large aggregates of 
poly(ethy1ene oxide) in the aqueous solutions. The aggregation increases markedly upon heating; above 60 
OC, however, a decrease in M, occurs. At  40 "C minima and maxima in the angular distribution were observed 
that are characteristic of globular, fairly monodisperse structures. The dimensions of these globular particles 
were found to decrease with rising temperature, in contrast to the mean square radius of gyration (P),, which 
increases up to 70 "C. The second osmotic virial coefficient A2 decreases with rising temperature as the system 
approaches its 0 temperature of 102 "C. Finally, the intrinsic viscosity in water is shown to be only slightly 
influenced by the presence of globular aggregates. These findings indicate the coexistence of high-density 
spherulites with low-density microgel aggregates and are discussed in terms of the hydrophobic interactions 
between the polymer and solvent. 

Introduction 
Poly(ethy1ene oxide) (PEO)  is a simple polymer with 

rather remarkable properties.' It dissolves readily not only 
i n  a large n u m b e r  of organic solvents but also i n  water. 
Moreover, i t  exhibits both upper and lower critical solution 
temperature phenomena  ( U C S T  and L C S T )  i n  both 
ter t -butyl  acetate2 and ~ a t e r . ~ - ~  However, these two 
systems are very different, for in  the organic solvent the 
UCST lies well below the LCST but i n  the PEO-water 
system there is a closed miscibility loop, the UCST lying 
higher than the LCST. The former type of behavior is an 
example of the well-understood "free-volume" or "equation 
of state" effects discussed by  P r i g ~ g i n e , ~  Pa t te rson  and 
Delmas? and Flory and his c o - ~ o r k e r s . ~  Closed miscibility 
loops, however, are seen only i n  highly polar systems with 
s t rong  or ientat ion dependence of t h e  molecular interac- 
t i o m s  Our interest  i n  the solution behavior of PEO in- 
creased when we noticed that only a few l ight  scat ter ing 
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measurements  of PEO in water have been publ i~hed .~~+ '~  
The purpose of the present s t u d y  was to measure the 
thermodynamic solution properties and, so far  as possible, 
t h e  conformational properties of the polymer in  water as 
a funct ion of temperature .  

Experimental Section 
Sample. Polywachs-20,000 from Chemische Werke Huh, Marl, 

Germany, was used. To  remove possible traces of initiator the 
product was dissolved in benzene, filtered, precipitated with 
freshly distilled petroleum ether, and dried in a vacuum oven at  
50 "C. Gel permeation chromatography (GPC) in N,N-di- 
methylacetamide, which was kindly performed by Peuscher and 
Eisenbach15J6 in our institute, gave a molecular weight of M ~ p c  
= 21400 and a polydispersity of M,/Mn = 1.37, while light 
scattering in acetonitrile gave a value of M, = 17 OOO, which agrees 
fairly well with the GPC values.I6 

Solution Preparation. A dilution series of eight concentra- 
tions ranging from 0.25% to 2% in increments of 0.25% was 
prepared at  room temperature with freshly doubly distilled water. 
The solutions were centrifuged for optical clarification at  20 "C 
in a Spinco Model L ultracentrifuge a t  40000 rpm with a fixed 
angle Titan rotor. The upper two-thirds of a total of 25 mL were 
pipetted into cylindrical light scattering cells made of optical glass 
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Figure 1. Plot of measured refractive index increments against 
l/b2. The wavelengths used are A, = 633 nm (red), 578 nm 
(yellow), 546 nm (green), andd 436 nm (blue). Extrapolation is 
made for A,, = 365 nm (UV). 

Table I 
Refractive Index Increments of PEO in Water 

dnldc. mL/mg 

teomp, h ,  = A, = A ,  = A,, = 
C 633 nm 5 7 8 n m  546 nm 4 3 6 n m  

20 0.1345 0.1352 0.1351 0.1379 
30 0.1330 0.1332 0.1345 0.1357 
40 0.1317 0.1318 0.1319 0.1338 
50 0.1293 0.1301 0.1307 0.1331 

transparent to near-UV light (A, = 330 nm). 
Light Scattering. A Sofica 4200 goniometer fitted with quartz 

optics and a special 500-W high-pressure air-cooled mercury lamp 
was used. The instrument allowed measurement a t  wavelengths 
of A,, = 546 (green), 436 (blue), and 365 nm (near W). The angular 
range was varied from 20" to 150" in increments of 5". For the 
determination of the Rayleigh ratio we calibrated a glass standard 
using the Rayleigh ratios for benzene at  different temperatures 
as determined by Benoit and co-worker~.'~ 

Refractive Index Increment. Values of dnldc were measured 
for A, = 436,546,578, and 633 nm in a Brice-Pheonix differential 
refractometer. The data for each temperature were plotted against 
1/X,2,  according to a normal dispersion behavior, and were linearly 
extrapolated to A, = 365 nm where no direct measurements were 
possible. Figure 1 gives an example of such a plot for 50 "C. The 
other data are collected in Table I. 

RQsults 
The light scattering experiments were carried out a t  

eight temperatures from 20 to 90 "C in 10 "C increments. 
A single Zimm plot was constructed for each temperature 
from the measurements a t  the three different wavelengths 
by plotting Kc/Ro against q2 = (n,47/X,J2 sin2 (0/2) rather 
than sin2 (0/2) as is usually done. The three curves did 
not lie exactly on top of one another but were very close. 
The deviations very likely result from differences in 
back-reflection from the primary beam. Such reflection 
occurs a t  the interface between the aqueous solution and 
the glass wall of the cell and is wavelength dependent 
because of the different dispersions of water and glass. The 
influence of backscattering is small for molecules of low 
molecular weight but can become appreciable when pro- 
nounced angular dependence of the scattered light is ob- 
served. The curves shown in Figure 2 were obtained by 
multiplying the Kc/R,  values of the green and near-UV 
measurements by a constant factor (deviations from unity 
a t  most 2%) to align them with the blue measurements. 

In Figure 2 one notices a very pronounced angular dis- 
tribution of scattering intensities and a characteristic 
change in behavior with rising temperature. Most striking 
is the occurrence of two minima and maxima, which is 
most clearly seen a t  40 "C. These extrema are certainly 
not artifacts because they appear for all three wavelengths 
a t  the same value of q. However, this value of q = 
(n,47/b) sin (8/2) corresponds to very different scattering 
angles for the three wavelengths used. 

The analysis of the Zimm plots was difficult and was 
performed 8s follows. We used the Guinier approximation 
for the small-angle portion of the scattering curves, i.e., 
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Figure  3. Temperature dependence of the measured particle 
weight, M,, of the PEO sample in water. The bars indicate the 
experimental error. 

i(0) z i(0) exp(-q2(S2),/3), and determined Kc/Rw and 
( S2), by a best fit of the curves. The results for the mo- 
lecular weight and mean square radius of gyration ap- 
peared to depend on the number of points taken (but not 
systematically). We therefore made several fits with dif- 
fering numbers of data points and calculated the average 
with its mean standard deviation. 

Figure 3 shows the dependence of M ,  on temperature. 
Most noticeable is the dramatic increase in M ,  from about 
260000 at  20 "C up to 26 X lo6 at  60 "C (a factor of loo!) 
and then a decrease on further heating to about 1.3 X lo6 
a t  90 "C. 

The temperature dependence of (S2), is given in Figure 
4 and that for the second virial coefficient in Figure 5. 

Discussion 
In an extension study of the solution behavior of PEO 

by vapor pressure osmometry and light scattering tech- 
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Figure 6. Variation of the sphere radius, R, with temperature. 
R has been calculated from the position of the first maximum 
of the lowest concentration in Figure 2 by use of eq 2. 

common polymer solutions in organic  solvent^.^,^^^^^ 
A 8 state should be passed near the boiling point of 

water and before phase separation commences. Extrapo- 
lation of the second virial coefficient to A2 = 0 yields a 
8-temperature of 102 "C, which is a little lower than the 
LCST of 110 "C for a PEO sample of molecular weight 
30 OOO observed by Bailey and Callardg and slightly higher 
than the LCST for a polymer of molecular weight 21 000 
observed by Saeki et a1.2 For molecular weights as large 
as 1.02 X lo6 and 7 X lo6, LCSTs of 98.2 and 95 "C, re- 
spectively, were observed by the authors. 

In their study of aqueous PEO solutions, Bortel and 
Kochanowski18 also did not obtain linear Zimm plots for 
high molecular weight PEO in water, but they found very 
nice linear behavior in 0.1 M HCl aqueous solutions. This 
observation supports our interpretation that it is the hy- 
drophobic interaction that brings about the cluster for- 
mation, for the addition of a strong electrolyte produces 
a complete change in the order of the water structure and 
breaks down the hydrophobic i n t e r a c t i ~ n . ~ ~  

While the hydrophobic interaction offers an explanation 
for the decrease in Az with rising temperature, it does not 
a t  first sight account for the formation of large PEO 
clusters. Two observations suggest an interpretation for 
this phenomenon: (i) Two prominent minima and maxima 
appear in the angular distribution of the scattered light 
around 40 "C, which indicate the presence of globular 
structures of rather low polydispersity. (ii) The aggregates 
seem to dissociate a t  about 60 "C. Godovsky et al.26 found 
a melting temperature of T,  = 70 "C for PEO of infinitely 
large molecular weight and T,  = 68.6 "C for M, = 6 X lo6. 
For lower molecular weight an even lower T, is expected. 
I t  therefore is tempting to regard the rather monodisperse 
globular structures as crystalline spherulites of PEO that 
melt around 60 "C. Actually, however, the problem is far 
more complex, as may be recognized from the following 
observations: 

(1) The mean square radius of gyration increases with 
temperature up to about 70 "C and then remains constant. 
A decrease of (S2), would be expected if the maximum in 
Figure 3 were entirely due to spherulite melting. 

(2) The position of the first maximum in the angular 
dependence of the scattering light, which first becomes 
noticeable a t  40 "C and can be observed through 90 "C, 
allows an estimation of the spherulite radii. Assuming the 
validity of the Rayleigh particle scattering factor of ho- 
mogenous hard spheres in this case we have27-31 

(1) P(q)  = [(3/X3)(sin X - X cos X)I2 

L l l f 1 ~ 1  
2 0  4 0  6 0  80 ' 0 3  

T I O C  

Figure 4. Temperature dependence of the mean square radius 
of gyration, (S2),, of the PEO sample in water. 

2 3  4 0  6 0  a 0  130 

T O C  

Figure 5. The second virial coefficient A2 as a function of the 
temperature. The dotted lines indicate the position of A,  = 0, 
which is at T = 8 = 102 O C .  

niques, Elias and Lys12 came to the conclusion that the 
polymer forms no aggregates in three of the seven solvents 
investigated, water, methanol, and N,N-dimethylform- 
amide. Their conclusion is in remarkable disagrement not 
only with our light scattering results and the recent mea- 
surements by Bortel and his co-workers18 but also with 
those by Stra~ielle,'~ who noticed a strong downturn at low 
scattering angles in methanol. It appears likely that many 
authors neglected the downturn in scattering intensity at 
small angles and used only the flat linear part a t  larger 
angles as a basis for their calculations. Indeed, if we 
proceed in this manner for the measurements at 20 "C and 
if we take only the lowest concentrations, we obtain a 
molecular weight of M ,  = 23000, which is close to the value 
of 21  400 determined by GPC. Downturns in Zimm plots 
are commonly interpreted as being caused by "dust", which 
in fact is often difficult to remove from water. The 
downturn observed in this case cannot be caused by dust, 
since common dust does not aggregate and dissociate re- 
versibly to such a large extent upon changes in tempera- 
ture. We therefore regard the pronounced angular dis- 
tribution of scattered light as a real effect of PEO aggre- 
gation in water. 

Natural questions to ask are what kinds of forces hold 
these molecules together in such large aggregates and what 
structures do the aggregates assume. In spite of consid- 
erable experimental error, we observed a continuous de- 
crease of the second virial coefficient, i.e., the reduction 
of the solvent power of water, with increasing temperature. 
Such behavior is rare for polymers in common organic 
solvents except when there is a large "free volume" dif- 
ference between the components. In aqueous polymer 
solutions, however, the clustering of molecules likely in- 
volves hydrogen bonding, the structure of water, and the 
"hydrophobic e f f e ~ t " . ~ , ~ * ~ ~  In such cases, both the excess 
entropy and enthalpy of dilution are negative: unlike most 

with 
X = Rq 

where R is the sphere radius. The first minimum of the 
reciprocal particle scattering factor of a slightly polydis- 
perse system should occur when the first derivative of eq 
1 with respect to X becomes zero, i.e., a t  X,,, = 2.029, 
which together with eq 2 allows the determination of R. 
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The result of this estimation is shown in Figure 6. Sur- 
prisingly, the radius of the spherulite globular structures 
decreases continuously. At low temperatures the radius 
of gyration approximately coincides with the spherulite 
radius, but a t  high temperatures the radius of gyration is 
about 2.4 times larger than the radii of the supposed 
spherulites. 

(3) The striking extrema in the angular distribution 
gradually smooth out with increasing concentration. This 
effect is more evident a t  higher temperatures. 

In view of these seemingly inconsistent findings, caution 
is prescribed in making a definite interpretation. Yet a 
few illuminating conclusions can be drawn without spec- 
ulation. We assume that the various structures present 
in solution are close to thermodynamic equilibrium, be- 
cause approximately the same scattering behavior is re- 
covered when the solutions are cooled down again. If we 
accept this premise, then we must conclude that highly 
swollen noncrystalline aggregates coexist with the spher- 
ulites in the system. These microgels, as we tentatively 
call them, would not show extrema in the angular distri- 
bution, even if they were strictly mon~disperse .~~ The mass 
fractions of spherulites and microgels change in favor of 
the microgels with rising temperature and evidently also 
with increasing concentration. Apparently the spherulites 
partially melt, and large microgels of a much lower density 
are formed. This follows from the opposite behavior of 
(S2), and R with changes in temperature. 

A conclusion concerning the microgel size and weight 
fraction can be drawn from the maximum in M ,  near 60 
"C. At this point the weight-average particle weight M ,  
is about 1300 larger than the molecular weight Ml of 
molecularly dispersed PEO; thus, we can neglect the con- 
tribution of the latter to the aggregates; i.e., we can assume 

Mw = WaMwa (3) 
where M,, is the weight-average particle weight of all types 
of aggregates in the system and w, is the corresponding 
mass fraction. An increase in M ,  as a function of rising 
temperature can occur only if both w, and M,, change in 
the same manner. For the temperature range of 20 to 60 
"C this seems to be the case. Beyond 60 "C, however, the 
product of w, and M,, decreases, yet the mean square 
radius of gyration ( S2), remains almost constant, indi- 
cating that the microgel particle weight remains almost 
constant and only the mass fraction w, decreases. I t  may 
be of interest in this connection that aggregates of poly- 
(vinylpyrrolidone) (PVP) have been f o ~ n d ~ ~ t ~  in aqueous 
solutions with radii of about 270 nm, and they remained 
unchanged in size as the molecular weight of the polymer 
sample was increased; the mass fraction w, increased ap- 
proximately linearly with Ml of the molecularly dispersed 
PVP. The extent of association is much less for PVP than 
for PEO, probably because of the greater hydrophilic 
character of PVP. Also, no spherulites were observed for 
PVP; crystallization occurs in aqueous PEO solutions 
because of its very regular chain structure. 

Aggregation even to the point of phase separation of 
hydrophobic compounds on heating, seems to be a general 
phenomenon of the hydrophobic interaction and was 
documented by small-angle X-ray scattering from tert- 
butyl alcohol/water mixtures by Bale e t  al.35 and by 
electron micrographs from poly(vinylpyrro1idone) (PVP) 
and hydroxyethyl starch (HES) solutions by Franks et alnM 
Strong self-assembling of tubulin and tobacco mosaic virus 
peptides on heating has long been k n ~ w n . ~ , ~ ~  An attempt 
to provide a detailed thermodynamic description of the 
hydrophobic interactions in PEO solutions was recently 
reported by Kjellander and Florin.39 

Light Scattering from Poly(ethy1ene oxide) Solutions 981 

Finally we wish to comment on the apparent insensi- 
tivity of the intrinsic viscosity of PEO in water to the 
presence of globular aggregates. The large microgel par- 
ticle observed among the molecularly dispersed PEO by 
light scattering techniques might be thought to raise the 
viscosity of an aqueous PEO solution substantially. 
However, the size of these particles is measured by a z- 
average, which heavily weights particles of larger size. 
When the free draining contribution is neglected, the in- 
trinsic viscosity of a polydisperse system may be ex- 
pressed40 as 

(4) 

where the subscript n denotes the number average, thus 
counting the molecularly dispersed PEO with relatively 
greater weight. The aggregates therefore play a much 
larger role in the particle size observed by light scattering 
experiments than in viscosity measurements because of the 
different averages involved. This effect is nicely illustrated 
by some classical results of Muus and B i l l m e ~ e r , ~ ~  who 
observed a 10-fold increase in apparent weight-average 
molecular weight and a 3-fold increase in (S2),"2 from the 
presence of particulate matter in their light scattering 
experiments on branched polyethylene in cu-chloro- 
naphthalene, while recording an increase of only about 
10% in intrinsic viscosity. Since the effects of aggregation 
are small, viscosity measurements on PEO in water may 
be used to determine the molecular weight of the nonas- 
sociated PEO molecules according to a Mark-Houwink 
relation based on molecular weight measurements per- 
formed in another solvent in which association does not 
occur. 

Conclusion 
Full interpretation of the above findings is not yet 

possible, but some conclusions concerning the behavior of 
PEO in aqueous solution may be drawn without specula- 
tion. (i) Aggregates of high and low density coexist with 
molecularly dispersed PEO. The high-density particles 
are probably spherulites, and the low-density aggregates 
are noncrystalline microgel particles. (ii) On heating, the 
spherulites melt, causing the weight fraction of microgel 
to increase. (iii) The microgel particles appear to have 
dimensions that are rather insensitive to changes in tem- 
perature, but their weight fraction gradually decreases as 
the temperature rises above 60 O C .  (iv) The decrease of 
Az is consistent with the concept of hydrophobic interac- 
tions, i.e., the increase in the order of water molecules in 
the neighborhood of PEO molecules. (v) The intrinsic 
viscosity of aqueous PEO solutions is only slightly influ- 
enced by the presence of globular aggregates. 
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ABSTRACT: Small-angle neutron scattering has been used to investigate the structural features of sty- 
rene-isoprene block copolymers. A wide range of molecular weight and composition has been investigated, 
encompassing the spherical, cylindrical, and lamellar morphologies of styrene domains chiefly. Apart from 
domain separation and packing, domain size has been determined by using copolymers with fully deuterated 
styrene blocks to improve contrast. While domain sizes are in some agreement with statistical thermodynamic 
theory no such agreement is found for domain separation. Possible reasons for this are discussed, especially 
for those copolymers with spherical morphology. Results also indicate that thermal annealing of the copolymers 
increases the grain size rather than improving the packing of domains with respect to each other. 

Introduction 
Structural investigations of the polymeric solid state over 

large length scales have used the techniques of electron 
microscopy and small-angle X-ray  scattering (SAXS). 
Each of these suffers f rom disadvantages that make  t h e m  
unsuitable for studying structure over the range from su- 
pramolecular organization down to individual polymer 
molecules. Electron microscopy (EM) requires thin sam- 
ples which have to be stained or replicated to produce 
observable images and this process may produce artifacts.’ 
SAXS also requires thin samples  (but  not so thin as in 
EM);  additionally, contrast in this technique relies on a 
good electron densi ty  difference between the matrix and 
the species being investigated,2 and for m a n y  organic 
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polymers the electron densi ty  difference cannot be en- 
hanced sufficiently without drastic chemical modifications. 
Small-angle neutron scattering (SANS) is a relatively new 
techniqueH for the investigation of polymer structure and 
supramolecular organization b u t  has produced definitive 
data for the critical evaluation of molecular theories of 
polymer structure and has contributed much to the debate 
on crystalline polymer ~ t r u c t u r e . ~  The greater contribution 
of SANS in such a short time arises from the large neutron 
scattering cross section of hydrogen atoms and the con- 
siderable difference in scattering cross section for hydrogen 
and deuter ium atoms. It is this  difference that generates 
a contrast enabling “individual molecules” to be observed 
and their dimensions measured. The majority of work 
published thus far deals with the use of SANS in the 
determination of radii of gyration in homogeneous polymer 
systems. It is only recently that extensions to heteroge- 
neous systems have been at tempted.  Styrene-diene block 
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