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ABSTRACT: The phase behavior of a series of poly(ethylene oxide)—poly(propylene oxide)-poly(ethylene
oxide), EnP,En, triblock copolymers dissolved in water has been studied using small-angle neutron and
dynamic light scattering. The block copolymers were chosen with a common polymerization degree of the
central PPO block, n = 39, but different degrees of polymerization of the outer PEO blocks, m ranging from
6 to 97. All copolymers show the characteristics of fully dissoived polymers at low temperatures, whereas
aggregates are formed at elevated temperatures due to the hydrophilic-to-hydrophobic transition in PPO.
The scattering function of the m = 27-96 aggregates has been analyzed in terms of hard-sphere interacting
micelles, characterized by a dense core radius R., and a hard-sphere interaction radius Rp,. It appears from
the data analysis that the core size increases with decreasing degree of polymerization m and with increasing
temperature. While the copolymer with the highest degree of polymerization m aggregates in micelles with
a core diameter which, within the whole temperature regime, is smaller than the length of a stretched PPO-
chain, the intermediate m copolymer micelles have a core diameter which at high temperature approaches
the size of a fully stretched PPO chain, thus causing an abrupt departure from spherical to rodlike structure,
as observed both by neutron scattering and depolarized light scattering. Extrapolating the information on
the core diameter for the m = 27-96 copolymer micelles predicts for the m = 6 copolymer a core size which
at all temperatures exceeds the length of the fully stretched PPO block, thus explaining the absence of micelle
formation for this copolymer. It appearsfrom the hard-sphere data analysis that the micelle-forming polymers
can all be scaled to a common phase behavior where the critical micellation temperature is determined by
the PPO concentration, whereas the crystallization temperature is determined by the total copolymer

concentration.

I. Introduction

Block copolymers composed of poly(ethylene oxide),
PEO or E,,, and poly(propylene oxide), PPO or P, have
attracted increasing attention during the last few years.1-14
This is partly due to their wide range of applications as
nonionic surface-active agents and partly because of their
unique behavior which is of fundamental interest in
physics.}2

The association properties of triblock copolymers E,,P,,-
E.. in aqueous solutions have been studied by various
techniques, and the thermally reversible gelation, dis-
played in some cases, has been the subject of many
investigations. Recently it was shown by neutron scat-
tering that the gel state is a crystalline phase of body-
centered cubic (bcc) ordered spherical micelles.-® Details
of the association of E,, P,E,, unimers into aggregates have
also been the subject of a number of investigations.3-10

Different E,,P,E,, triblock copolymers with varying m
and n have been studied. In many cases thereis association
into micelles at elevated temperatures, but other forms of
aggregates may also form. Our understanding of the role
of the detailed molecular architecture, for example, the
degree of polymerization, is incomplete however. Recently,
Brown et al.!4 investigated a series of triblock copolymers
EnP.E, with fixed n = 39 but m varying from 6 to 96,
using dynamic light scattering and dynamic mechanical
measurements. They found that, while the micellar form
of aggregates is stable up to relatively high temperatures
for the high PEO content copolymers, those having the
lowest PEO content form a two-phase system dominated
by large clusters. The copolymers with intermediate
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contents of PEO form micellar aggregates over a limited
temperature range.2314

Below, we present structural studies on the series of
polymers described previously by Brown et al.14 The aim
is to achieve a better understanding of the role of the
molecular architecture and more specifically to understand
which physical parameters are crucial for agsociation into
a spherical micellar form, with subsequent formation of
an ordered micellar crystal.

It has previously been shown that, in spite of the soft
“corona” of flexible PEO chains, the E,P,E,, micellar
aggregates can, to a very good approximation, be treated
as hard-sphere interacting objects.!® The thermorevers-
ible gel transition is easy to understand using this analysis
as due to hard-sphere crystallization, when the micellar
hard-sphere volume fraction approaches the critical value
for crystallization. The volume fraction of 0.53 close to
the gelation temperature is in excellent agreement with
expectations from theoretical studies.!> Below, we will
use the hard-sphere interaction potential, together with
the Percus—Yevick approximations to extract structural
parameters from the neutron scattering data.

II. Experimental Section

A. Material. The triblock copolymer, poly(ethylene oxide)—
poly(propylene ozide)-poly(ethylene oxide), H[OCH,;-
CH)»{OCH,CH(CH3)},{OCHCH;} nH or E P Ep, with n = 39,
and m = 6, 67, and 96 abbreviated respectively L81, F87, and
F88, were obtained from BASF Wyandotte Corp., NJ, whereas
the m = 39, n = 27 polymer, abbreviated P85,'¢ was obtained
from Serva AG, Heidelberg, Germany. The triblock copolymers
were used without further purification. The copolymers were
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dissolved in water at 5 °C, at which temperature they form a
transparent, homogeneoussolution. Deuterated water, D,0, was
used in order to get good contrast and low background for the
neutron scattering experiments. The solutions discussed below
are all given in weight percent.

B. SANS. Small-angle neutron scattering experiments were
performed using the Riso SANS facility, which is a flexible
instrument covering scattering vectors from 0.002 t0 0.5 A-1, with
variable neutron wavelength resolution.

The samples were mounted in sealed quartz containers
(Suprasil from Hellma, FRG), with a 2-mm flight path. For the
neutron spectra of water, used for calibration, a 1-mm-thick quartz
container was used.

The results presented below were obtained using neutrons
with 6-A wavelength, with sample-to-detector distances of 3 m,
giving scattering vectors in the range 0.01-0.1 A-l, where the
scattering vector q is given by the scattering angle § and the
neutron wavelength \: |g| = ¢ = (47/)) sin (6/2). The neutron
wavelength resolution used was AM/A = 0.18, and the neutron
beam collimation was determined by the pinhole sizes of 16- and
7-mm diameter at the source and sample positions, respectively,
and collimation lengths of 3 m. The smearing induced by the
wavelength spread, the collimation, and the detector resolution
was included in the data analysis discussed below, using Gaussian
approximations for the different terms.!?

The scattering data were corrected for the background arising
from the quartz container with D,0O and from other sources, as
measured with the neutron beam blocked by plastic containing
boron at the sample position. The incoherent scattering from
H,0 was used to determine deviations from a uniform detector
response and to convert the data into absolute units.

The scattering patterns discussed in the present paper are all
azimuthally isotropic. The data have therefore been reduced to
the one-dimensional I(g) scattering functions which are only
dependent on the absolute value of g.

C. Dynamic Light Scattering. Polarized dynamic light
scattering (I,v) measurements were made using the apparatus
and techniques described earlier (see, for example, Nicolai et
al.2%), The data were assembled using a wide-band multi-7-
autocorrelator (AL V5000) allowing characterization of relaxation
time distributions extending over 8 decades. Average diffusion
coefficients were estimated using the method of cumulants, with
both second- and third-order terms. For a system exhibiting a
continuous distribution of relaxation times (), the field corre-
lation function, g;(t), is described by the Laplace transform

g® = [rA@ eV dIny

Inverse Laplace transformation was made by a nonlinear least-
squares residual fit to g;(t), employing the REPES algorithm,
The range of relaxation times allowed in the fitting was between
0.5 us and 1 s with a density of 12 points per decade. The
“smoothing” parameter used in the program was selected as 0.5
in all cases. Relaxation rates are obtained from the moments of
the peaks in the resulting relaxation time distribution.

Mutual diffusion coefficients (calculated from the measured
relaxation rate, T’ = 1/7, and scattering vector,g: D =T1/q¢% and
the relative amplitudes were obtained from the moments of the
peaks and are given in the output of the REPES program.

Depolarized dynamic light scattering (Ivy) was used to
determine the rotational diffusion coefficient. The polarized
intensity was very low (of the magnitude 3 kHz corresponding
to a ratio Ivu/Ivv of approximately 1.5%, with a laser power of
200 mW).

II1I. Results and Discussion

Figures 1-4 show some characteristic neutron scattering
data for L81, P85, F87, and F88, as obtained at different
temperatures. The scattering curves shown are for 9%
polymer solutions, but qualitatively similar behavior was
obtained over a wide range of concentrations, ranging from
1t035%.3

The scattering patterns all show the following typical
characteristics: at low temperatures, the scattering func-
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Figure 1. Scattering function I versus q for an aqueous solution

of 9% Eg¢PaEg, L81 triblock copolymer, obtained in the 6-87 °C
temperature range. (The solid lines connect data points.)
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Figure 2. Scattering function I versus g for an aqueous solution
of 9% EqgPyEqr, P85 triblock copolymer, obtained in the 4-100
°C temperature range. The solid lines represent fits to the
experimental data according to the hard-sphere Percus-Yevick
model described in the text. The broken lines for the T>87 °C
data are guides to the eye.
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Figure 3. Scattering function I versus q for an aqueous solution
of 9% EgP3Egr, F87 triblock copolymer, obtained in the 6-98
°C temperature range. The solid lines represent fits to the
experimental data according to the hard-sphere Percus-Yevick
model, described in the text.

tion shows arelatively weak g-dependence and the absolute
intensity is small. As the temperature increases, the
intensity increases and the g-dependence becomes stron-
ger, revealing aggregation of copolymers.

At even higher temperatures, the scattering functions
for the P85, F87, and F88 copolymer solutions are
increasingly dominated by a pronounced peak, revealing
important spatial correlation between neighboring aggre-
gates. The correlation peak becomes significantly more
pronounced at high copolymer concentrations. For co-
polymer concentrations beyond approximately 20%, a
slight narrowing of the correlation peak is observed within
limited temperature regimes due to long-range ordered
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Figure 4. Scattering function ] versus g for an aqueous solution
of 9% EgePagkge, 88 triblock copolymer, obtained in the 6-97
°C temperature range. The solid lines represent fits to the
experimental data according to the hard-sphere Percus—Yevick
model described in the text.

crystalline aggregates.1? For temperatures above approx-
imately 60 °C, the scattering function of P85 changes
somewhat in character, as seen in Figure 2 showing an
increasing intensity at the smallest scattering vectors,
revealing changes in the micellar structure.® In the
solutions of lower polymer concentration, the correlation
peak completely vanishes within the same temperature
regime. The F87 solutions show corresponding, although
less pronounced, changes in the low-g scattering pattern
at temperatures in the vicinity of 70 °C. The scattering
pattern of F88 does not give rise to similar effects up to
at least 90 °C, indicating that the F88 aggregates retain
the same basic structure up to the highest temperatures.

The L81 polymer solutions show characteristics quite
different from those of P85, F87, and F88. At low
temperatures, L81 also shows only low scattering inten-
sities, as expected for fully dissolved copolymer molecules.
However, as the temperature is increased, the scattering
function becomes very intense compared to the other three
copolymer solutions of the same concentration, and with
amuch more steep g-dependence, indicating large, loosely
connected aggregates. A correlation peak is observed only
over a rather narrow temperature regime, and this peak
is superimposed on an increasing smali-angle term (cf. the
18 °C spectrum shown in Figure 1). Moreover, while the
P85, F87, and F88 copolymers form one-phase solutions
over the whole temperature range studied, i.e., 5-90 °C,
L81 exhibits macroscopic phase separation and forms a
two-phase system at temperatures above approximately
15 °C. The scattering pattern shown in Figure 4 is
dominated by the lower phase. More studies are needed
for a detailed discussion of the L81 aggregates. This will
be the subject of a forthcoming report.

A. Gaussian Unimers. Thelow-temperature neutron
scattering patterns of relative small intensity have pre-
viously been shown to be consistent with fully dissolved
Gaussian copolymer molecules.? For P85, we found a
radius of gyration equal to 17 A. The L81, F87, and F88
suspensions give scattering curves which imply radii of
gyration of the same order of magnitude, but measure-
ments over extended g-ranges are needed for more precise
values for the latter copolymers. For comparison, the
hydrodynamicradii obtained from dynamiclight scattering
are 15,18, 27, and 29 A for respectively L81, P85, F87, and
F88.11.1¢ Investigations on the copolymer radius of gyra-
tion are interesting in themselves, and it is important to
look for possible conformational changes close to the
critical micellation temperature. Our studies up to now
have not been able to reveal such effects.
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B. Micellar Aggregates. At temperatures close to
ambient, the poly(propylene oxide) part of the polymer
chain is no longer soluble in water.25 The resulting
amphiphilic character of E,P,E, triblock copolymers
leads to the formation of various aggregates, depending
on the degree of polymerization of the blocks. A detailed
neutron scattering study on the P85 solutions showed that
these E,P,E, aggregates have the form of spherical
micelles over a wide temperature regime;®? i.e., the
aggregates have the form of a core presumably dominated
by propylene oxide blocks and which is surrounded by a
corona of hydrated ethylene oxide subchains. Neutron
scattering studies over a limited concentration range of
F88 have already shown that F88 also aggregates in the
form of micelles.!

The similarities between the results for P85, F87, and
F88, as expressed in Figures 2-4, strongly indicate that
the structural phase behavior of these polymers is to a
large extent of the same type; i.e., the aggregates are
dominated by spherical micelles over wide temperature
ranges. Thisis supported by the dynamic light scattering
studies already published.8!4

As the temperature, or the concentration, is increased,
the scattering function becomes increasingly dominated
by a pronounced correlation peak which reveals significant
interactions between neighboring micelles (cf, Figures 2-4).
In the high-q range well beyond the correlation peak, on
the other hand, the scattering function remains effectively
unchanged, indicating that the changes in the observed
scattering pattern primarily reflect the increasing number
density of the micelles, wheresas the characteristic form
of the individual micelles is relatively unaffected by
increasing the temperature or the concentration.

In dilute suspensions, where no interference occurs
between scattering from different particles, the scattering
function is given by the form factor P(q). In more dense
suspension interference significantly affects the scattering
function. For a monodisperse system of particles, the
scattering function can be written as the product of the
single-particle form factor and the structure factor, S(g),
describing these interparticle interferences:!?

I(g) = Ap*n’'V?P(q) S(q) (1)

where Ap? is the contrast factor and n’ is the number
density of scatterers of volume V. Although it is clear
from the absence of oscillations and the absence of an
approaching I « g~ relationship that the micelles do not
have a sharp surface,? we will as a first approach analyze
the data in terms of dense spheres, using the form factor

3 . 2
P(g) = [ (sin(gR,) — qR, COS(ch))] (2)
(gR,)?

characterized by the radius R, which is attributed to the
size of the micellar core. The experimental deviations
from eq 2 can be a result of the PEQO subchains dispersed
into the water phase, in agreement with a simplified model
of the micellar structure with a central, dense core of
predominantly poly(propylene oxide) and an outer corona
of hydrated poly(ethylene oxide) effectively grafted onto
the surface of the core, as previously discussed.? Deviation
from the exact spherical form will also change the high-q
behavior. Recent numerical studies on micellar aggre-
gation have shown pronounced deviation from the classical
spherical micellar form.!8

The structure factor, S(g), is given by the radial
distribution function, g(R), describing the arrangement
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of the micelles:1?

S(q) =1+ 4xn [ @(R) - PGB 4p (3
gR

Using the classical Ornstein-Zernike approximation for
the spatial correlation fluctuations and the Percus-Yevick
approximation for describing the direct correlation be-
tween two scattering objects?0 with a hard-sphere nearest-
neighbor interaction potential, the structure factor can be

written in the analytical form?321,22
S(q) = L )

1+ 24¢G(2qRy,, ¢)/(2qRy,)

where G is a trigonometric function of the hard-sphere
interaction radius Ry, and the hard-sphere volume fraction,
¢. Thus, by least-squares residual fitting routines the
experimental scattering function can be analyzed in terms
of three parameters characterizing the micellar aggre-
gates: the core radius R, dominating the form factor P(q)
and the hard-sphere interaction parameters Ry, and ¢.

Figures 2-4 include the scattering function, eqs 1-4,
fitted to data for F88, F87, and P85 solutions. The fits
are all very good, within the g-range discussed.

Figures 5-11 show the parameters resulting from the
hard-sphere data analysis. The P85 data have already
been published in refs 3 and 13, and the high concentration
data for F88 have been reported previously in refs 1
and 12. Above approximately 60 °C, somewhat dependent
on concentration, the P85 scattering functions no longer
give good fits using the hard-sphere model. Thisis because
of a spherical-to-prolate transformation in the micellar
form, as previously shown.? The resulting parameters of
the F87 suspensions suggest a similar conformational
change in the micellar structure in the T ~ 70 °C
temperature range, and for F88 a change may occur at T
~ 90-95 °C. Also, in the ordered gel phase, the hard-
sphere model should give rise to some systematic errors,
as the crystalline order causes correlations beyond the
liquid nearest-neighbor interaction. However, as was
shown in ref 1, the bond-length correlations remain
basically liquidlike even in the cubatic ordered phase.
Systematic errors in the resulting parameters should
therefore be small, and the use of the Percus—Yevick hard-
sphere approximation is accordingly validated.

Figure 5 shows the hard-sphere volume fraction ¢ plotted
versus temperature for different concentrations of P85,
F87, and F88. The three copolymers show quite similar
behavior. At low temperatures, the micellar volume
fraction approaches zero, indicating that all copolymers
are dissolved as individual unimers. Above a critical
micellation temperature (Tey;), the volume fraction ap-
pears roughly linear in temperature until a saturated value,
¢o, is reached at Temo.

Within the temperature range Temi~Tcm2, micelles are
in thermodynamic equilibrium with the unimers,

unimers = micelles (5)

The approximately linear correlation between temperature
(T-Tom1) and micellar concentration, ¢, shows that the
equilibrium constants have rather simple temperature
dependencies.? Above the upper critical temperature,
T cm2, unimers are probably still present, but in a very small
number density.’

As pointed out in ref 3, it is interesting to note that to
a good approximation the limiting volume fraction, ¢,
increases linearly with polymer concentration, C, asshown
in Figure 6. This is in agreement with expectations if the
limiting micelle concentration corresponds to the situation
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Figure 5. Resulting micellar hard-sphere volume fraction ¢ for
aqueous solutions of E,P,E,, n = 39, and m = 27 (P85), mn = 67
(F87), and m = 96 (F88), obtained by fitting the hard-sphere
Percus—-Yevick model to the scattering data.
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Figure 6. Copolymer concentration dependence of the limiting
micellar volume fraction ¢ as obtained at 50 °C from the data
for P85, F87, and F88 presented in Figure 5. The limiting value
of ¢ at ¢, = 0.53 is given by the hard-sphere crystallization value.

where all unimers have aggregated into micelles, i.e.

¢o = C/N4wR>/8Vips) (6)

where N is the aggregation number, (4/3)7Rps® is the hard-
sphere micellar volume, and Vipg = 2mVEg + nVp is the
dry polymer volume, with Vgand Vp the molecular volumes
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of EO and PO monomers, respectively. It appears from
Figure 5 that, for polymer concentrations below approx-
imately 20%, there is a small temperature dependence of

Macromolecules, Vol. 26, No. 16, 1993

100. %ﬁ
L
80. + A : s |
g 80.
2 P85
& 40. x C=35%
B C=25%
®C=16%
¢= 9%
20. ¢ o 6= 87
o C= 4%
0. 0. 20. 40. 60. 80. 100.

TEMPERATURE (C)

100
b 1
$ ¢
80. L n} w mr
i g 8 [
- L 4
< 60.
-]
£ Fa7
& 40. 1 Bc=26%
& C=20%
v C=13%
¢=97%
20. r gc:m
0. . 20. 40. 60. 80. 100.
TEMPERATURE (C)
100.
8 ] #ﬁ
E
l J‘ﬁ'“mg )
360. -
2 F88
40, 1 B C=28%
® C=20%
v C=13%
¢= 9%
20. gc:az
O 920, 40. s0. 80, 100.

TEMPERATURE (C)
Figure9. Resultinghard-sphere interaction radius Ry, of aqueous
solutions of EnP,En, n = 39, and m = 27 (P85), m = 67 (F87),
and m = 96 (F'88), as obtained by fitting the hard-sphere Percus—
Yevick model to the scattering data.

80" peo-pro-PEO oo,
404
(&}
o {s0. 2
9% 20
v v
o s
+ e} ® P85S
20. 310
1. 10. 100.

T-Tem1
Figure 10. Resulting core radius R. of 9% and 20% aqueous
solutions of EnP,En, n = 39, and m = 27 (P85), m = 67 (F87),
and m = 96 (F88), as presented in a double-logarithmic plot of
R, versus reduced temperature, revealing power law behavior.

the saturation value ¢o. This reflects changes in the
micellar size, and thereby aggregation number, as will be
more evident in the discussion of R, and Ry, below. The
¢o data shown in Figure 6 were obtained at T = 50 °C. The
crossover from a linear increase in ¢¢ with temperature to
saturation at ¢. = 0.53 reflects the hard-sphere crystal-
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lization transition, previously discussed for F88! and P85.2
For a polymer concentration above ~20% the limiting
micellar volume fraction remains at this critical hard-
sphere crystallization value, independent of changes in
micellar sizes. The rather similar ¢q versus C behavior for
P85, F87, and F88 indicates that all three copolymers
crystallize within the same concentration range (roughly
18-22%). It appears from Figure 5, however, that the
characteristic temperatures for micelle formation and
crystallization are significantly lower for the low m
copolymer P85 than for the two other copolymers with
larger m’s, F87 and F88.

Figure 6 indicates, moreover, that the relevant polymer
concentration in connection with the order-to-disorder
transition is the total polymer concentration C, rather than
the specific concentration of PPO blocks Cp.

Figure 7 shows the critical micellization temperature
plotted versus the concentration of poly(propylene oxide),
as given by the polymer concentration: Cp = CnMp/(nMp
+ 2mMp), where Mp = 58 and Mg = 44 are the molecular
masses of respectively propylene oxide and ethylene oxide.
Although the data are dominated by significant scattering
due to statistical errors, it clearly appears that the PPO
concentration is the relevant parameter decisive for
determination of the micellization temperature. Figure
7 also includes the critical temperature for aggregate
formation in L.81. It is seen that L81 forms aggregates at
temperatures below the common curve for the critical
micellization temperature, presumably due to the much
more hydrophobic nature of L81.

Figures 8 and 9 show respectively the core radius R and
the hard-sphere interaction radius Ry, obtained by least-
squares fitting to the experimental scattering data. The
radii are plotted versus temperature for different copol-
ymer concentrations. The micellar core radius, R, and to
some extent also the hard-sphere radius, Ry, appear to be
essentially independent of polymer concentration but show
a significant increase with increasing temperatures. The
difference between Ry, and R, on the other hand, remains
basically unaffected by the temperature. According to
the values given in Figures 8 and 9, we find Rp-R; of
magnitude 18, 24, and 30 A for respectively P85, F87, and
F88 micelles. In our simplified picture, this difference in
radii is the thickness of the PEO shell.

The solutions of P85, F87, and F88 all show very similar
temperature and concentration dependencies. Itappears
that when R, is plotted against the reduced temperature
T-Temi, the data follow a common master curve. Figure
10 shows in a double-logarithmic plot R, versus T-T¢m1,
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giving the empirical scaling relation:

Rc « (T~ Tcml)o‘2 M

It was shown in ref 3 that, to a very good approximation,
the micellar core can be considered as consisting of
completely dehydrated propylene oxide units, covered by
asingle monolayer of ethylene oxide. Inanumerical study
Linse and Malmsten have shown somewhat similar
behavior, although they also found that some EQ is present
inside the core and that some PO monomers are present
in the corona.? Neglecting the single EO layer, which is
anyway small compared to R, we then find that to a good
approximation the aggregation number scales linearly with
the third power of the core radius, R

NnVp = 4R ®)

Close to Tem; the aggregation number is therefore very
small (close to unity) and increases continuously following
a N « (T-T.n1)%8 relationship to approximately N ~ 200
at the highest temperatures, where spherical micellar
aggregates are present.

The cubic gel state of P85 is only stable over a limited
temperature regime. In ref 3 we argued that the melting
of the cubic lattice close to 60 °C is induced by an abrupt
change in the internal micellar structure which passes from
aspherical form to prolate ellipsoidal, or rodlike structure.
Similar changes in the micellar form are observed for P85
in the low concentration regime. It was stated in ref 3
that near this transition temperature the length of the
PPO polymers passing through the micellar center ap-
proaches an average value of only 2.5 A per PO monomer;
i.e., the PPO chains must be extended to the maximum.
It was speculated that this entropically unfavorable
conformation is the main driving force for the spherical-
to-rod transformation in the micellar form and thereby
the origin of the observed melting of the cubic gel state
as well.

From the hard-sphere data analysis, it appears that the
main difference between P85, F87, and F88 block copol-
ymer micelles at a given temperature is the size of the
micelles. The larger the degree of PEO polymerization
m, the smaller the core and thereby the micellar aggre-
gation number, at a given temperature. Asitappearsfrom
Figure 10, on the other hand, the three types of copolymer
micelles have the same core size at the reduced temperature
T-Tem1. According to the model in which the micellar
stability is limited by a maximum core diameter deter-
mined by the length of a fully stretched PPO chain (i.e.,
of the magnitude of 100 A for the present polymers), F87
and F88 consequently form stable spherical micelles up
to temperatures much beyond that of P85. Structural
studies on shear-aligned F87 crystals show melting of the
cubic lattice at 7' = 68 °C for a 26 % copolymer solution.
Viscosity measurements confirm!4 that the cubic phase of
F87 is stable up to temperatures on the order of 70-80 °C
and show that in F88 it is stable up to at least 90 °C. This
is in good agreement with the R, values shown in Figure

We amplify this discussion further in an attempt to
deduce more about L81 solutions. Figure 11 shows the
micellar core radius for P85, F87, and F88 obtained at 20
°C, and 50 °C, plotted versus the PEO polymerization
degree m. Extrapolating the data from P85, F87, and F88
to the m = 6 value for L81, we predict that the R, value
for L.81 approaches or exceeds the maximum value given
by the length of a fully extended PPO chain. This is
probably the reason why L81 does not form spherical
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micellar aggregates. The correlation peak observed in a
small region of the 81 phase diagram, is however at a g
value of the same magnitude as the correlation peak value
of P85, F87, and F88, indicating that L81 in some cases
also forms aggregates with phase-separated PEO and PPO.
Although the spherical hard-sphere analysis is not correct
for L81, for comparison purposes we have also made this
analysis on L81 within a restricted g range, neglecting the
low-q tail (Figure 1). The resulting parameters are R. ~
55 A and Ry, ~ 80 A,

Dynamic light scattering measurements were made on
F'87 and F88 at a weight concentration of 2% in the
temperature range 40-90 °C. Over thisrange, thescattered
intensity showed only a small increase. (This is not the
case with P85, however, which alsoshowed a strong increase
in the total (VV) scattered intensity with increasing
temperature.) The apparent hydrodynamic radius (Ry),
evaluated from the Stokes-Einstein equation using the
solvent viscosity, was approximately constant in each case
and gave average values of 69 (F87) and 82 A (F88). These
values of R, agree well with those for Ry, obtained by fitting
the SANS to eq 4 and shown in Figure 9. Moreover, the
weaker sensitivity of Ry, to temperature above about 50 °C
is also observed for Rps (and R.).

Depolarized and polarized dynamic light scattering
measurements were also made as a function of scattering
angle and will be reported in detail elsewhere. Neither
F87 nor F88 at a concentration of 2% showed significant
depolarized scattering intensity between 40 and 90 °C.
With P85 at a concentration of 1% at and above 70 °C
there was measurable depolarized scattering revealing
significant anisotropy in the scatterers. Extrapolation of
the measured relaxation rate in the HV geometry (T'yv)
to zero scattering vector, g, according to the relationship

Iyy = ¢°D + 6Dy )

where D is the translational diffusion coefficient, allows
evaluation of the rotational diffusion coefficient, Dg.
Taking as a first approximation the half-thickness of the
rodlike micelle (R;) to equal the hydrodynamic radius of
the spherical micelle which exists at lower temperatures
(80 A for P85),8 one may estimate the micellar rod length,
L, using Broersma’s equation for rotational diffusion?6

Dy, = [3kpT/(27nL%)1F(p) (10)
with p = L/2R..

F(p) = 2[In(2p) - 1.45 + 7.5(1(n(2p) - 0.27)%)] (11)

This gives L = 1470 A at 70 °C increasing to L = 1680 A
at80°C. These valuesof L were substantiated by inserting
them into the expression of Doi and Edwards for the
transational diffusion coefficient:?’

D = In(p) kg T/[671(L/2)] (12)

The value of D was found to be identical within experi-
mental error to the translational diffusion coefficient
measured on the same solution in the VV geometry at the
same angle and temperature. Similar measurements on
P85 at C = 5% gave a rod length of the same magnitude,
indicating that, as was observed within the regime of
spherical micelles, there is also no significant micellar
growth with increasing concentration in the regime of
rodlike micelles. At even higher concentration, however,
the VV autocorrelation function becomes bimodal, re-
flecting significant intermicellar correlations, which sub-
sequently result in the crystalline phase of hexagonally
ordered rods.?
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At higher concentration of F88 (C = 20%) at temper-
atures above 80 °C, the solutions are “stringy” in consis-
tency and the autocorrelation function (VV) is then
bimodal, containing a very slowly decaying component.
This suggests that micellar growth into rodlike micelles
also occurs as with P85 but that aggregates of highly
entangled rods are then formed. The above results are
consistent with the observed changes in the SANS
scattering function for P85 solutions above approximately
60 °C and also that such changes are much less pronounced
(F87) or absent (F88) up to at least 90 °C.

IV. Conclusions

The data analysis used to treat the experimental neutron
scattering functions is based on a relatively simple model
of hard-sphere interacting micelles, in which a dense core
of PPO totally dominates the scattering form factor. One
may argue that this model is too simple to describe details
of the aggregates. Certainly, the resulting micellar pa-
rameters may be affected by small systematic errors, and
thus the exact numbers coming out of the analysis should
be taken with some caution. For example, the effective
core radius should possibly be renormalized somewhat
before it is used to calculate the aggregation number. As
was shown in ref 3, however, we have evidence that this
renormalization is small relative to the value of R.. The
presented data analysis gives, on the basis of a simple
physical picture, a good understanding of the copolymer
aggregates.

We have, in conclusion, shown that a series of block
copolymers of the PEO-PPO-PEO type to a large extent
follows common rules for phase behavior. In the low-
temperature, low-concentration corner of the 7-C phase
diagram, the copolymers are dissolved as independent
unimers. Above a critical micellation temperature Tem;-
(Cp), micelles starts to form, and basically all copolymers
areincorporated into micelles above a second characteristic
temperature Teyno. The critical micellization temperature
Tem1 18, to a good approximation, determined only by the
PPO concentration, independent of the PEQO chains. Upon
increasing the temperature above T (Cp), the micellar
aggregates become still larger, until the micellar core
diameter at a third characteristic temperature Tems
approaches the size of a fully stretched PPO chain. The
micellar structure changes and then abruptly departs from
a spherical form. For the P85, F87, and F88 micellar
suspensions, the temperature-dependent micellar core size,
and thereby aggregation number, all have the same
temperature dependence. The much more hydrophobic
nature of the L.81 copolymers, on the other hand, prevents
micelle formation at any temperature. Already at relative
low temperature, extrapolation from data for the three
other copolymers, P85, F87, and F88, predicts a micellar
core diameter of L81 which approaches the length of a
fully stretched PPO chain. L81 actually forms large
aggregates at temperatures below the critical value ex-
pected for micelle formation.

In the high-concentration suspensions of spherical
micelles, hard-sphere crystallization is observed for the
three systems. The crystalline gel phase is to a good
approximation determined by the total polymer concen-
tration.
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