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ABSTRACT: Cryogenic temperature transmission electron microscopy (cryo-TEM) and small-angle 
neutron scattering (SANS) were combined to give complete microstructural characterization of aqueous 
solutions of Pluronic F127, an (EO)gg(P0)65(E0)99 triblock copolymer. The images of vitrified specimens 
observed by cryo-TEM provided direct information about the building blocks of these systems, Le., 
spheroidal micelles. This confirmed the structural model obtained from analysis of SANS data, which, 
in addition, provide quantitative information about the system. Occasionally spheroidal micelles were 
pressed closer to each other during specimen preparation, thus giving rise locally to higher concentration. 
The cubic phase that was thus formed was directly imaged. The existence of this lyotropic liquid crystalline 
phase was confirmed by SANS of an originally higher concentration solution. When exposed to shear, 
the polycrystalline phase transforms into a monodomain crystal with cubic symmetry. The system was 
also used to demonstrate the potential of selective electron beam radiolysis to enhance contrast in 
radiation-sensitive, inherently low-contrast systems. 

I. Introduction 
Complete structural characterization of a complex 

fluid requires accurate direct information on the struc- 
tural elements of which the system is made up and 
quantitative information on the sizes in the system. The 
most effective experimental approach combines cryo- 
genic temperature electron microscopy (cryo-TEM) with 
indirect techniques such as nuclear magnetic resonance 
(NMR), small-angle neutron scattering (SANS),  or 
small-angle X-ray scattering (SAXS). This approach has 
been demonstrated, for example, in the study of lyotro- 
pic cubic phases,' polymerhrfactant interactions,2 and 
surfactant lamellar  phase^.^,^ 

Surfactant systems based on amphiphilic block co- 
polymers have recently attracted great interest, both 
as a result of their novel physical characteristics and 
due to their technological possibilities. The applications 
include utilities as cleaning agents, in products such as 
cosmetics, shampoos, and lotions, and as dispersants for 
printing inks, paints, and coatings. The Pluronics, 
triblock copolymers of poly(ethy1ene oxide) and poly- 
(propylene oxide) blocks, have in particular been the 
subject of intense r e ~ e a r c h . ~ - I ~  

Scattering experiments have shown that these block 
copolymers typically associate into aggregates of spheri- 
cal micelles6J0J5 but also into rodlike micelles and 
possibly layered forms. The structure of the aggregates 
depends on both the specific molecular design15 and 
thermodynamic parameters.6J0J6 In the high-concen- 
tration regimes, micellar aggregates constitute the basis 
for a variety of crystalline mesophase~.~9~ Thus, in some 
respects these block copolymer surfactants behave as 
typical low molecular weight amphiphiles. There are 
important differences, though: triblock copolymer sys- 
tems as block copolymer systems in general have, for 
example, no clear distinction between lyotropic and 
thermotropic phase behavior. 
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In this paper we present a first account of applying 
both SANS and cyro-TEM to the microstructural char- 
acterization of aqueous solutions of a Pluronic polymer, 
(EO)gg(P0)65(EO)gg, known also as F127. Other aspects 
of the characterization of F127 had been previously 
published, e.g., refs 5 ,  12, 17, and 18. 

11. Materials and Methods 
A. Materials. The triblock copolymer, poly(ethy1ene oxide)- 

poly(propy1ene oxide)-poly(ethy1ene oxide), [OCHzCHzIgg- 
H[OCHZCH(CH~)]~~[OCHZCHZ]~~ or E099PO&099 (or PEO- 
PPO-PEO), designated F127, was obtained from BASF Corp., 
Wyandotte, USA, and was used without further purification. 
The triblock copolymer was dissolved in DzO at 5 "C, where it 
forms a homogeneous solution. Deuterium oxide, DzO, was 
used to obtain good contrast and low background in the 
neutron scattering experiments. For TEM specimens the 
polymer was dissolved in HzO. The concentrations of the 
solutions discussed below are all given in weight percent (wt 
%). 

B. Cryo-TEM. Specimens for electron microscopy were 
prepared in a controlled environment vitrification system 
(CEVS) to ensure fixed temperature and to avoid water loss 
from the solution during sample preparation. The specimens 
were prepared as thin liquid films, less than 0.25 pm thick, 
on perforated polymer/carbon films and quenched into liquid 
ethane a t  its freezing point. The technique and apparatus 
were described in detail by Bellare et al.I9 The technique leads 
to vitrified specimens; Le., the water does not undergo crystal- 
lization during thermal fixation. This way, component seg- 
regation and rearrangement are prevented, and the original 
fluid microstructure is preserved. The vitrified specimens 
were stored under liquid nitrogen, and subsequently trans- 
ferred to  the electron microscope (JEOL 2000FX), using a 
Gatan 626 cryoholder and its "workstation". Imaging was 
carried out at  a temperature of about -170 "C and 100 kV 
acceleration voltage. Low doses of less than 10 e/Az were 
normally used for imaging, except when we applied selective 
electron beam etching (see below). We used Kodak SO-163 
electron imaging film, developed for maximum electron speed. 

C. Small-Angle Neutron Scattering. Small-angle neu- 
tron scattering experiments were performed using the Ros0 
SANS facility. The dilute samples were mounted in sealed 
quartz containers (Suprasil from Hellma, FRG), with 2 mm 
flight path. The 20 wt % sample was in addition studied when 
mounted in a sealed Couette type shear 
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Figure 1. Vitrified specimens of 11.7% Phon ic  F127 in water: (a) micelles, arranged in parallel lines; in thinner areas 
(vowheads) no micelles are seen; (b) an area of the same specimens, with a steep thickness gradient; (c) "micellar lattice fringes" 
mth  very long-range order; (d) a thin area with dark dots, approximately 5-7 nm in diameter, that in all probability are the 
micellar hydrophobic cores of the micelles. Scale bar = 100 nm. 

The results presented below were obtained using the 
combined scattering pattern obtained with neutrons with 3, 
5,9, and 15 8, wavelength, with sample-to-detector distances 
Of ', 3* and m, giving a total range Of scattering vectors 
0.002-0.5 kl, where the scattering vector 4 is given by the 
scattering angle, 0, and the neutron wavelength, A: 

141 = q = MA sin(W2) 

' the neutron beam collimation was determined by the pinhole 

The scattering data were corrected for the background 
arising from either the quartz cell or the Couette cell with D20, 
and from other sources, as measured with the neutron h e m  
blocked hy a piece of plastic containing boron at  the sample 
position, The incoherent scattering from H1O 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, except for the 20 wt 5& sample when sheared in the gel 

azimnthally averaging, to the one-dimensional I ( q )  scattering 
functions which depend only on the absolute value of q. 
Temperature-dependence neutron scattering data were oh- 
tained in both heating and cooling cycles, thereby verifying 
reproducibility. 

The neutron resolution was AAJA = and 

sizes of 16 and 7 mm diameter at  the source and sample 
positions, respectively, and the collimation length was equal 
to the sample-to-detector distance. 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. 

phase, azimuthally The data have been by 
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111. Results and Discussion 
A. Cryo-TEM. Figure 1 shows four different fields 

of vitrified specimens of 11.7% Pluronic F127 in water. 
Figure l a  shows a rather thin area. In some areas 
(arrowheads), no micelles are seen, while in the lower 
part of the micrograph, one sees micelles, arranged in 
parallel lines. The latter represent areas where micelles 
have been pushed together and closely packed by 
thinning down of the specimen during preparation. 
This effect had been documented already in early cryo- 
TEM applications in the study of colloidal systems.21 In 
some cases, this effect may actually be used to our 
benefit to form high-concentration phases on the grid 
from a lower concentration phase.' 

Figure l b  shows another area of the same specimen, 
with a steep thickness gradient. In the thicker (darker) 
area, individual micelles cannot be distinguished, be- 
cause the micrograph shows a projection of too many 
closely packed micelle layers. The observed fringes may 
have a very long-range order, as demonstrated by Figure 
IC. These structures are quite similar to rattice fringes" 
seen in high-resolution transmission electron micro- 
graphs of crystals. However, in our case the building 
blocks of these structures are micelles, not atoms. The 
characteristic periodicity of the fringes is about 14 nm. 
Of course, measurement accuracy in the TEM without 
a local built-in calibration standard is rather poor 
(*lo%), a fact that is not always taken into consider- 
ation. It must be remembered that in this case the 
observed long-range order is a result of locally increased 
concentration during specimen preparation. No such 
structure was detected by SANS at the given original 
solution concentration. 

Individual micelles of the polymer are difficult to 
visualize due the very low contrast between the polymer 
and water. In fact, poly(ethy1ene oxide) alone, as free 
polymer chains, or surfactant micelle-decorated chains, 
is practically transparent to the electron beam.2 Very 
thin areas of the sample, where one would expect 
relatively good contrast, contain no micelles at all. In 
thicker areas, individual micelles are practically invis- 
ible. In some cases, however, due to the right combina- 
tion of specimen thickness and objective lens defocus 
to enhance phase contrast, single micelles of the polymer 
are visualized. An example is given in Figure Id. The 
dark dots, approximately 5-7 nm in diameter, are in 
all probability the micellar hydrophobic cores of the 
micelles. The PEO chains, which are much less densely 
packed, are transparent to the beam, as explained 
above. 

The problem of low inherent contrast may be allevi- 
ated to some extent, as we discovered, by selective 
electron beam etching. This process, shown in Figure 
2, is somewhat similar to selective radiolysis, which we 
used to  study two-component polymer latex systems?2,w 
Figure 2a is micrograph of a thick area of a vitrified 
11.7% aqueous solution of F127 in water. Very little 
detail of the suspended aggregates is seen in this low- 
dose micrography, where radiation damage was kept at 
minimum. Only in a few areas one can see faint fringes 
(arrow), an indication of closely packed micelles. Figure 
2b shows the same field of view after about an additional 
exposure of 100 dA2. This time, fringes are visible 
throughout the micrography, including the area marked 
in Figure 2a. A close inspection reveals that these are 
indeed the same fringes (arrow), but this time, visual- 
ized at  much higher contrast. Due to the thickness of 
the specimen, one can see also areas of two superposed 

Microstructural Study of Pluronic Solutions 8831 

VU,"', . 
,. ,.. 

a 

:I: 

. . .. 

Figure 2. (a) A vitrified 11.7% aqueous solution of F127 in 
water; only faint fringes (arrow), an indication of closely packed 
micelles, are observed. (h) The same field of view after about 
an additional exposure of 100 e/A2; fringes are visible through- 
out the micrography, including the area marked in (a). Due 
to the thickness of the specimen, one can see also areas of two 
superposed sets of fringes (arrowheads). Scale bar = 100 nm. 

sets of fringes (arrowheads). This selective etching is 
probably the result of very high radiolysis rates a t  the 
organic mattedwater which in this case is 
the micellelwater interface. Because of the fine segre- 
gation of hydrophobichydrophilic moieties in this mi- 
cellar system, the details revealed here by selective 
electron beam etching are on a much finer scale than 
those observed in the polymer systems studied in the 
past.23 

B. SANS. Figures 3-7 show the neutron scattering 
data for 1,2,5,12, and 20% F127 solutions, as obtained 
a t  temperatures in the range 5-95 "C. All the scatter- 
ing patterns show the following typical characteristics: 
at low temperatures, the scattering function is relatively 
weakly dependent on q, and the absolute intensity is 
low. As the temperature increases, the intensity in- 
creases, and the q dependence becomes stronger, reveal- 
ing aggregation of the copolymer into the micelles 
observed in cryo-TEM, as discussed above. 

At higher temperatures, the scattering functions for 
the samples with polymer concentrations more than 
approximately 5% are increasingly dominated by a peak, 
revealing important spatial correlation between neigh- 
boring micelles. The correlation peak becomes signifi- 
cantly more pronounced at  high copolymer concentra- 
tions. For the 20% copolymer concentration, a slight 
narrowing of the correlation peak is observed, as a result 
of micellar ordering on a crystalline lattice. Equivalent 
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Figure 3. Scattering function Z vs Q of 1% F127 in DzO, as 
obtained in the 5-80 "C temperature range. 
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Figure 4. Scattering function Z vs Q of 2% F127 in DzO, in 
the 5-80 "C temperature range. 
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Figure 5. Scattering function Z vs Q of 5% F127 in D20, as 
obtained in the 5-80 "C temperature range. 

behavior had been observed ' in  related Pluronic sys- 
tems.1°J5 

At the highest temperature, T L 95 "C for 12% and T 
2 65 "C for 20%, the scattering function of F127 changes 
somewhat in character, showing a n  increasing intensity 
a t  the  smallest scattering vectors. Similar effects had 
been seen in other Pluronics, e.g., P85, and had been 
shown from scattering methods to be a result of a 
micellar transformation from spherical to  rodlike form. lo 

The low-temperature neutron scattering patterns of 
relative small intensity is consistent with the Debye 
formula for Gaussian chains:1° 

~ ( q )  - (e-" + x - 1) /x2 + (1) 

I 
o.B'.o/ 0.01 0.1 1 .o 
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Figure 6. Scattering function Z vs Q of 12% F127 in D20, as 
obtained in the 5-95 "C temperature range. 
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Figure 7. Scattering function Z vs Q of 20% F127 in DzO, as 
obtained in the 5-80 "C temperature range. 

F127 5% 
T=5C 
Rg=21.6A 

k? 

Y 
O.O8.00 0.10 0.200 

Q (1/A) 

Figure 8. Scattering function Z vs Q of 5% F127 in DzO, as 
obtained at T = 5 "C. The solid line is a least-squares fit of 
the Debye function to the experimental data, resulting in a 
polymer radius of gyration R, = 21.6 A. 
where x = (qR,)2, R, being the polymer radius of 
gyration, and Ii, represents the incoherent background 
from the sample. Figure 8 shows the experimental 
scattering function of 5% F127 obtained T = 5 "C. The 
solid line represents the best fit to the Debye function, 
including instrument@ smearing. The resulting radius 
of gyration, R, = 22 A, seems, however, unrealistically 
small, if the copolymer were really fully dissolved 
Gaussian chains. Therefore it seems likely tha t  the 
scattering function is dominated only by the structure 
of the PEO chains, which obey Gaussian structure, and 
tha t  the midblock PPO chain effectively has  segregated 
into a small core which scatters only very weakly. Such 
a structure resemble tha t  of a unimolecular micelle. 
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Figure 9. Scattering function Z vs Q of 1, 2, and 5% F127 in 
DzO, as obtained at T = 35 "C. 

At temperatures close to ambient, the poly(propy1ene 
oxide) part of the polymer chain is no longer soluble in 
water. The resulting amphiphilic character of PEO- 
PPO-PEO triblock copolymers leads to self-aggregation 
into spherical micelles. The scattering function of the 
1,2, and 5% samples clearly shows a side maximum as 
expected from the form factor of dense spherical objects 
with a sharp interface, with radius R,: 

However, the observed scattering function does not 
show the q-4 approach at large q values, as expected 
from eq 2. This deviation is attributed to the ethylene 
oxide subchains dispersed in the water phase, in agree- 
ment with a simplified model of the micellar structure 
with a central dense core of mostly poly(propy1ene oxide) 
and an outer corona of hydrated poly(ethy1ene oxide), 
effectively grafted onto the surface of the core. As 
shown in Figure 9, the position of the side maximum is 
practically unaffected by polymer concentration. The 
temperature dependene is also rather weak, although 
some slight increase in micellar size is observed upon 
raising the temperature. 

These findings indicate, in good agreement with the 
cryo-TEM data discussed above, that the block copoly- 
mers form a monodisperse suspension of spherical 
micelles, characterized by the core size R, - 50 A. 

As the temperature or the concentration is increased, 
the scattering function becomes increasingly dominated 
by a correlation peak that reveals significant interac- 
tions between neighboring micelles (cf. Figures 3-7). 
In contrast, at the high-q range well beyond the cor- 
relation peak, the scattering function remains effectively 
unchanged, indicating that the changes in the observed 
scattering pattern reflect primarily the increasing num- 
ber density of the micelles, whereas the characteristic 
form of the individual micelle is relatively unaffected 
by increasing the temperature or the concentration. 

Because the micellar dispersion contains identical 
particles, the scattering function can be written as the 
product of the form factor of the individual micelle 
multiplied by the structure factor, S(q), describing 
intermicellar  interference^:^^ 

Ap2 is the contrast factor and N is the number density 
of scatterers of volume V. Although it is clear that 
micelles do not have a sharp surface, as discussed above, 
we will in the attempt to minimize the number of free 
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Figure 10. Micellar volume fraction (4) versus temperature 
for 5,12, and 20% F127 in DzO, as obtained by fitting the hard- 
sphere Percus-Yevick model to the experimental scattering 
data (Figures 5-7). 

variables, analyze the data using the dense sphere 
approximation for the form factor. 

Using the classical Ornstein-Zernike approximation 
for the spatial correlation fluctuations and the Percus- 
Yevick approximation for describing the direct correla- 
tion between two scattering objects with a hard-sphere 
nearest-neighbor interaction potential, we can write the 
structure factor in the analytical form.26 

G is a trigonometric function of the hard-sphere interac- 
tion r a d L  fibs and the hard-sphere volume fraction, 4. 
Thus, by least-squares residual fitting routines, the 
experimental scattering function can be analyzed in 
terms of only three parameters characterizing the 
micellar aggregates: the core radius R, dominating the 
form factor P(q) ,  and the hard-sphere interaction pa- 
rameters Rhs and 4. 

The resulting micellar core radius and interaction 
radius show similar character as found for related 
P l u r o n i c ~ . ~ ~ J ~  The core radius R,  increases from 50- 
60 A at low T to 70-80 A at the higher temperatures. 
The interaction radius is of the order of 100-120 A. 

The effective volume fraction occupied by the micelles 
is the parameter showing the most significant depen- 
dence of polymer concentration and temperature. The 
volume fraction 4 increases roughly linearly with both 
polymer concentration and temperature (Figure 10). The 
high-temperature limit of 4 = 0.42 for the 12% sample 
corresponds to the situation when all polymer molecules 
have been incorporated into micellar aggregates. 

The 20% sample changes from a Newtonian liquid to 
a solid gel as the temperature is raised above 17 "C. 
The micellar volume fraction reaches at the same 
temperature the critical value 4c = 0.53 for hard-sphere 
crystallization, thus signifying an inverse melting char- 
acteristic, which is typical for the Pluronics.8 The 
characteristic scattering pattern is qualitatively similar 
to that of other shear-aligned P lu ron ic~ ,~ ,~  however with 
more intense higher order reflections. We therefore 
conclude that the colloidal crystal of F127 is also body 
centered cubic. With q = 0.32 nm-2 of the first 11101 
Bragg reflections, the lattice constant is a = 28 nm. In 
comparison, cryo-TEM gives a characteristic interlayer 
distance of about 14 nm, as discussed above. Thus those 
cryo-TEM fringes are probably of the [lll] planes. 

As seen in the cryo-TEM pictures (Figure 11, the 
domains of more dense micelles are characterized by a 
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Figure 11. Two-dimensional scattering function of a shear- 
oriented 20% solution of F127, as obtained at remperaturcs 
closr to the lower limit IT = 15 'C, and upper limit IT = 65 
"C.  of the cubic phase. 

high degree of order in the micellar positions. This 
order is even more evident from scattering experiments 
performed under shear flow. Using a Couette cell, the 
shear aligns the 4 = 0.53 gel phase into a single domain 
cubic crystal, as shown in Figure 11. The cubic phase 
exists up to T = 65 "C. Above that temperature, the  
suspension is liquid, presumably dominated by el- 
lipsoidal or  rodlike micelles. 

In conclusion, we have shown how the combination 
of cryo-TEM and SANS leads to a full microstructural 
characterization of aqueous solutions of a Pluronic, 
F127. This block copolymer belongs to a class of 
Pluronics which are dominated by spherical micelles in 
a wide range of temperature and  concentration. Evi- 
dence for nonspherical micelles is  only found at high 
temperatures. Polymeric micelles, or more specifically, 
their  hydrophobic cores, can be directly visualized 
despite the  very low inherent contrast in the system. 
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SANS provides quantitative data, such as the diameter 
of these micelles. Cryo-TEM can also be applied to 
visualize the cubic lyotropic phases that are formed by 
the polymer at higher concentrations. Careful applica- 
tion of selective electron beam etching is potentially a 
useful tool in enhancing contrast in such systems. 
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