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ABSTRACT: A small-angle neutron scattering study of the temperature dependence of the micellar
structure has been performed on a 1% w/w aqueous solution of the poly(oxyethylene)-poly(oxypropylene)-
poly(oxyethylene) (POE-POP-POE) block copolymer Synperonic P-85 using a Poiseuille-geometry shear
flow apparatus. The system is characterized by two transition temperatures. The first is the critical
micellization temperature at 24 °C. This marks the lower boundary of a spherical, later more ellipsoidal,
micellar phase. The next transition is at 62 °C, above which the micelles may be adequately modeled as
rigid rods. By 73 °C, rods with diameters of 10-12 nm and lengths of almost 400 nm have been attained.
This micellar growth takes place without any appreciable increase in the radius of the micelles. The
response of the rodlike micelles to the presence of the shear flow field is also reported.

Introduction

ABA-type triblock copolymers of poly(oxyethylene)
(POE) A blocks and poly(oxypropylene) (POP) B blocks
are water-soluble, nonionic, macromolecular surfactants
with many and diverse applications. In this work we
have concentrated on just one copolymer, that commonly
designated Synperonic (or Pluronic) P-85. This has the
approximate composition (POE)26-(POP)39-(POE)26.
The colloidal behavior of P-85 in water is comprehen-
sively detailed by refs 1-20 and the references con-
tained therein. The phase diagram may be found in ref
16.
Recent small-angle neutron scattering10 (SANS) and

dynamic light scattering15 (DLS) studies have shown
that at temperatures close to 70 °C there is a change in
the shape of the copolymer micelles from spherelike to
rodlike. We have also used SANS to study the temper-
ature dependence of the micellar structure but with a
significant difference. In order to probe the regime of
the rodlike micelles in more detail, we have utilized a
Poiseuille-geometry shear flow apparatus designed for
in-situ use on a SANS instrument. To the best of our
knowledge, the work reported here is the first to use
the combination of neutron scattering and shear flow
to investigate a Pluronic system not in a lyotropic liquid
crystalline phase. These techniques have, however,
provided much valuable information about related
systems such as, for example, the short-chain, nonionic,
ethylene glycol monoether surfactants like C16E6.
The advantages of using shear flow in conjunction

with SANS or light scattering for the study of aniso-
metric particles are well established.21-23 If the micelles
can be made to align in a shear field, then the orienta-
tional averaging effect normally conferred on the static

scattering pattern by the thermal motion of the micelles
is potentially removed. Analysis of the resulting aniso-
tropic scattering pattern can then provide information
on the micellar dimensions parallel and perpendicular
to the direction of flow. By combining data from this
type of experiment with that from rheological measure-
ments, it is also possible to gain an insight into the
dynamic system as, for example, might be encountered
in the industrial arena.

Experimental Section

Sample. Deuterium oxide, D2O, 99.8 atom % D, was
purchased from both Aldrich Chemical Co. Ltd. and K. & K.
Greef and was used as supplied.
Synperonic P-85 was donated by ICI Surfactants, Middles-

brough, U.K. As supplied, the copolymer is an opalescent
paste with a melting point of 40 °C and a bulk density, d, of
1.03 g cm-3 (manufacturers data), though independent deter-
minations of the density have given values around 1.15 g
cm-3.18,20 Since the commercial material has been reported
to contain small amounts of the diblock and other impurities,
it was purified before use as detailed below.
P-85 has the formula HO(C2H4O)a(C3H6O)b(C2H4O)aH where

a and b have been reported to have values in the ranges 25-
27 and 38-40, respectively. This gives the copolymer a
molecular weight between 4400 and 4700. Thus, approxi-
mately 50% (by weight) of the segments are POP.
Published critical micellization concentration data for P-85

span some 4 orders of magnitude from 0.0004 to 4% w/w,4,13,18
and the whole issue has therefore been the subject of intensive
study in recent years. The present consensus18 seems to
indicate a critical micellization concentration of around 0.04%
w/w at 25 °C. In this work we have used 1% w/w solutions, a
compromise between the need to ensure that micelles would
be present, a desire to minimize intermicellar interactions, and
the time needed to achieve adequate statistics in the available
neutron beamtime. At this concentration we show that the
system may also be approximated to a Newtonian fluid, except
at the highest temperatures we have studied (>70 °C).
The P-85 solutions were prepared by allowing an appropri-

ate amount of the purified copolymer to dissolve in D2O (and
H2O in the case of the turbidimetry measurements) at room
temperature over a period of several days in sealed volumetric
flasks.

* To whom all correspondence should be addressed.
† ISIS Facility.
‡ Imperial College.
§ Now at Esso Petroleum Co. Ltd., Esso Refinery, Fawley,

Southampton SO45 1TX, U.K.
| University of Nottingham.
X Abstract published in Advance ACS Abstracts, September 15,

1997.

6215Macromolecules 1997, 30, 6215-6222

S0024-9297(97)00623-2 CCC: $14.00 © 1997 American Chemical Society



Purification of Sample. The P-85 was purified using an
adaptation of the column chromatographic method of Bentley
et al.24 This removes a range of ionic impurities by ion
exchange, and low molecular weight materials by adsorption
on silica. In this work, P-85 (5 g) was dissolved in D2O (to 50
cm3) and stirred for 30 min with Amberlite MB-1 mixed bed
resin (2 g). The resin was then filtered off and 2 g of silica gel
(60-120 mesh, BDH Ltd.) added to the solution. After a further
30 min of stirring the silica gel was removed by centrifugation
(15 min at 2000g).
Turbidimetry. An aliquot of polymer solution was placed

in a cylindrical glass cell 2 cm in diameter. The cell was
equipped with a magnetic flea and heated from below by a
stirrer-hot plate at approximately 3 °C/min. Temperatures
were recorded by a digital thermometer with a thermocouple
probe in a stainless steel sheath (RS Components, Catalogue
No. 650-419) to an accuracy of (0.5 °C. The solution was
illuminated with the direct beam from a 10 mW helium-neon
laser (Melles Griot) operating at a wavelength of 633 nm, and
the scattering at 90° was collected by a sheathed polymer
optical fiber (RS Components) approximately 2 cm from the
sample cell. The other end of the optical fiber was fed to a
photomultiplier tube (EMI Model 9813B, at 1.2 kV), the output
of which was displayed on a digital storage oscilloscope
(Tektronix Model 2211).
The cloud points of the solutions were determined to be 85

°C in H2O and 82 °C in D2O. The value for H2O agrees well
with published data,3,16,20 which range from 83 to 87 °C,
though, interestingly, where we see a small drop in the cloud
point in D2O, workers studying the CiEj surfactants see a small
increase.25 A similar isotope effect was evident at the sphere-
to-rod transition temperature, which was determined to be 64-
65 °C in H2O and 62-63 °C in D2O. These values are up to 5
°C lower than those reported previously10,15,16 but are consis-
tent with the SANS data we report here.
Viscometry. The rheological properties of the system were

studied using a Deer Rheometer (Integrated Petronic Instru-
ments, London, U.K.). This is a constant stress concentric
cylinder instrument of Searle geometry (rotating inner cylin-
der). An inner cylinder diameter of 14 mm was used with a
gap of 0.5 mm. Temperature control to (1 °C was provided
by an external circulating fluid bath. The instrument was
calibrated with D2O. All of the viscosities reported in this
paper are relative to the viscosity of D2O at the indicated
temperature. The maximum reliable shear rate attainable in
this instrument was 2500 s-1.
Small-Angle Neutron Scattering. SANS measurements

were performed on the LOQ diffractometer26 at the ISIS
Spallation Neutron Source, Oxfordshire, U.K.27 This is a fixed-
geometry, time-of-flight (TOF), instrument equipped with
position-sensitive “area” detectors and which utilizes neutrons
with wavelengths between 0.2 and 1.0 nm to provide a
continuous Q-range of approximately 0.08-16.0 nm-1. The
quantity Q

is the modulus of the scattering vector, the resultant between
the incident and scattered wavevectors, where λ is the neutron
wavelength and θ is the scattering angle. The wavelength
resolution is effectively ∆λ/λ ) 0.04. The incident neutron
beam was collimated to a diameter of 2r ) 8 mm.
The principal advantage of using a TOF instrument like

LOQ, compared to a reactor-based (fixed wavelength) instru-
ment, is that all of the Q range is accessible in a single
measurement; there is no need to combine data sets covering
different Q ranges. Such an instrument is therefore ideally
suited to the study of systems where a range of length scales
are involved or where model-fitting of the data is anticipated.
The calculated scattering length density, F, of each compo-

nent follows: POE (d ) 1.13 g cm-3), +0.637 × 1010; POP (d
) 1.00 g cm-3), +0.343 × 1010; H2O (d ) 0.99 g cm-3), -0.560
× 1010; and D2O (d ) 1.10 g cm-3), +6.355 × 1010 cm-2.
For static (zero shear) measurements the polymer solution

was placed in 1 or 2 mm path length, UV-spectrophotometry
grade, synthetic quartz cuvettes (Hellma (England) Ltd.) with

PTFE stoppers. Sample volumes were between 0.2 and 1.0
cm-3 depending on the path length and geometry of the cells.
The cells were mounted in aluminum holders on top of an
enclosed, computer-controlled, sample changer. Temperature
control was achieved through a combination of electrical
cartridge heaters in the sample holders and a thermostatically-
controlled circulating bath pumping fluid through the base of
the sample changer. Under these conditions the temperature
stability was (0.5 °C and experimental measuring times were
between 10 and 20 min.
For SANS measurements under Poiseuille shear the poly-

mer solution was contained in the apparatus described below
with the beam center on the horizontal midline of the flow
cell.
All scattering data were normalized for the sample trans-

mission and incident wavelength distribution, background-
corrected using an appropriate quartz cell filled with D2O (this
also removed the inherent instrumental background from
vacuum windows, etc.), and corrected for the linearity and
efficiency of the detector response using the instrument-specific
software package.28 The resulting one-dimensional scattering
data (differential scattering cross-section, dΣ/dΩ(Q), versus Q)
was in absolute units (cm-1). Calibration of the absolute scale
was achieved using the scattering from a well-characterized
partially-deuterated poly(styrene) blend standard sample.29
The static scattering patterns were all isotropic, but some

of the scattering patterns obtained under shear exhibited
azimuthal anisotropy and so the raw data were processed
slightly differently in these cases. While the isotropic data
were radially integrated over all azimuthal angles (the usual
practice), the anisotropic data were only radially integrated
within 60° sectors, one about the direction of flow, the other
about the mutually orthogonal direction on the detector. Thus
for each anisotropic scattering pattern two one-dimensional
data sets were generated. During the analysis these were
model-fitted simultaneously.
To characterize the changes taking place in the system, we

have fitted the SANS data to different analytical models for
the scattering, using in-house software based around least-
squares and Marquardt global minimization algorithms.30 The
models describe the scattering cross-section in terms of P(Q),
the shape or form factor, and S(Q), the intermolecular struc-
ture factor, in the scattering function

where A, which is linearly dependent on the concentration,
was parametrized as a scale factor in the fitting process. How
closely the apparent concentration, φpapp, obtained from the
model-fitting, matches the real concentration, φp, may be taken
as an indication of how physically realistic a given model is.
The other parameters in the model were the contrast, (Fp -
Fsolvent)2, the physical dimensions (from the P(Q) term), and a
Q-independent background. At the solution concentration we
have used in this work, we were able to adequately model the
data without including intermolecular interactions. Including
an S(Q) function does give a small improvement in the quality
of the fit, but it must be remembered that this has been
achieved through the inclusion of additional parameters.
Poiseuille Shear Flow Apparatus. This apparatus has

been described in detail elsewhere.31 Below we give a brief
description in order that the experimental results may be
better understood.
The apparatus forms a closed recirculating system, compris-

ing a synthetic quartz flow cell (Optiglass Ltd.), a gear pump
(for pulseless flow), and a glass in-line flow meter. Temper-
ature control is achieved with electrical heaters and two K-type
thermocouples. One thermocouple is situated just before the
entrance to the flow cell and the other is approximately half-
way around the circuit. The temperature difference across the
apparatus is generally no more than (2 °C. We have
demonstrated an operational temperature range for the ap-
paratus of 10-125 °C.
Inside the flow cell the fluid passes through a rectangular

channel 1 mm in path length and 20 × 50 mm in elevation.

Q ) (4π/λ) sin(θ/2) (1)

dΣ
dΩ

(Q) ) A(φp)(Fp - Fsolvent)
2P(Q) S(Q) + background (2)
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At the two ends of the channel the quartz has been carefully
machined so that it tapers to the internal diameter of the
interconnecting tubing (5/32 in. 4 mm) in such a way as to
minimize the formation of back eddies and vortices, though it
is likely that a fluid will be subjected to some extensional flow
in these regions.
In the case of Poiseuille shear flow, characterized by a

parabolic shear rate profile, the area average shear rate across
the channel (in the direction perpendicular to the incoming
neutron beam), γ̆, is directly related to the volumetric flow rate,
F, through31

wherew is the width of the channel walls, h is their separation,
and m is a dimensionless quantity relating the viscosity and
consistency of the fluid to the shear rate.32 For a Newtonian
fluid, m ) 1, and thus eq 3 leads to the following simple
expression for the Poiseuille flow cell described above

The pump is capable of delivering flow rates of up to 1.8 L
min-1 if the apparatus is filled with water, corresponding to a
maximum shear rate of circa 5000 s-1.

Results and Discussion
The discussion section of this paper is structured as

follows. First, we briefly reiterate the phase behavior
in this system, in the absence of a shear flow field, based
on observations from our own experimental data. This
not only allows us to compare the behavior of our system
with the published results of other groups (though these
vary in solvent, concentration, and temperature range)
but also provides the basis by which we can compare
and contrast the behavior of the system under the
influence of the shear flow field. We then discuss an
approach by which the SANS from rodlike micelles
subject to Poiseuille shear flow may be interpreted and
modeled and then use this to provide detailed informa-
tion about the size and growth of the rodlike micelles.
Static Measurements. Figure 1 shows how the

SANS from a 1% w/w solution of P-85 in D2O changes
with temperature. It can be seen that the scattering
changes markedly on two occasions; once between 24
and 33 °C and again between 60 and 64 °C. To
characterize the changes in both size and shape that

are taking place in the polymer solution as it is heated,
these data have been fitted to three different expres-
sions for the form factor P(Q). These were33,34 the Debye
function for the scattering from a random coil polymer
of z-average radius-of-gyration Rg (assuming a polymer
polydispersity of Mw/Mn ∼ 1.15), the function for a
homogeneous solid sphere of radius Rs (assuming a
Schultz particle size distribution of 20%; an arbitrary
value that is perhaps an overestimate, particularly at
the lower temperatures, but one based on our experience
of similar systems and which also extended the ap-
plicability of this model to higher temperatures where,
as we shall see, the micelles are less spherical35), and
the function for the scattering from a homogeneous solid
rod or cylinder of radius Rc and length 2H where the
major axis is orientated at an angle â with respect to
Q:

where J1 is a first-order Bessel function of the first kind.
We have not convoluted the rod form factor with a
polydispersity function for reasons of complexity.
The results from the model-fitting analysis are pre-

sented in Table 1. Fits outside of a models range of
validity have been bracketed. In each case only the
contrast parameter was constrained at its known value,
and for simplicity we have not allowed for the very small
difference in contrast between the POE and POP blocks
of the copolymer in the analysis of the static scattering
data.
In addition, the apparent micellar aggregation num-

ber,Nagg, at each temperature was obtained by dividing
the apparent molecular weight,M, derived from a Zimm
plot of the scattering data (eq 6), by the known mono-
meric molecular weight of P-85. The results have been
plotted as a function of temperature in Figure 2.

At temperatures e17 °C the Debye model provides
an adequate description of the scattering and indicates
the presence of “scattering bodies” with an Rg ∼ 3.4 nm.
The apparent molecular weight at these temperatures
is a little higher than the monomeric value (Nagg ∼ 1.1-
1.4), and so it seems likely that we are observing
transient associations of at least two polymer molecules.
Above 21 °C the Debye model is no longer realistic.

The reason for this can be seen in Figure 2; there is a
sharp jump in Nagg between 24 and 25 °C that we
identify as the critical micellization temperature of this
particular system. Our range for the critical micelli-
zation temperature can be compared with literature
determinations,measured in H2O, of 2913,17 to 33.5 °C,16
though on the evidence already presented we would
expect to see a lower critical micellization temperature
in our system due to isotope effects. Interestingly,
neither the Debye nor spherical form factors fit the
SANS data particularly well between 24 and 33 °C,
suggesting that the spherical micellar architecture is

Figure 1. Variation with temperature of the SANS from a
1% w/w solution of Synperonic P-85 in D2O. γ̆ ) 0 s-1. Key:
(O) 13 °C; (b) 24 °C; ()) 33 °C; (() 42 °C; (0) 51 °C; (9) 60 °C;
(4) 64 °C; (2) 73 °C. The solid lines are fits of the Debye form
factor to the data at 13 °C, the polydisperse spherical form
factor to the data at 33 °C, and eq 5 (the solid rod form factor)
to the data at 73 °C.

γ̆ ) 2F
wh2

(m + 2)
(m + 1)

(3)

γ̆ (s-1) ) 2500F [L min-1] (4)

P(Q,Rc,H,â) )

∫0π/2 4 sin
2(QH cos â) J1

2(QRc sin â)

(Q2H2 cos2 â) (Q2Rc
2 sin2 â)

sin â dâ (5)

K
dΣ
dΩ

(Q)
≈ 1
M(1 + Q2R2

3 ) where

K )
φP(Fp - Fsolvent)

2

NAd
2

(6)
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not properly established until perhaps around 40 °C,
at which point the micelles have a radius of about 5 nm.
The average overall radii of the spherical micelles then
show a small increase with increasing temperature.
Between 50 and 60 °C the micelles are probably

ellipsoidal; the SANS data can be modeled almost
equally as well by the polydisperse spherical model as
by the solid rod model, the latter suggesting axial ratios
for the ellipsoids of only slightly greater than 1:1.
Above 65 °C only the rod model adequately describes

the data. A small degree of temperature-induced one-
dimensional growth of the micelles then takes place,
ultimately increasing the axial ratio to about 1:3 at 73
°C. The radii of the rods remains almost constant, at
values very similar to the radii of the spherical micelles
below the sphere-to-rod transition temperature. Our
models cannot tell us, however, if, above 63 °C, there is
a homogeneous population of rodlike micelles or a
mixture of spherical and rodlike micelles. We defer any
further discussion of the rod dimensions to the next
section.
Shear Measurements. Below the transition tem-

perature the scattering is isotropic. Above the transi-
tion temperature the scattering remains isotropic in the
absence of the shear flow field, but once the field is
applied, two “lobes” of scattering develop. These lobes,
perpendicular to both the plane and direction of flow,

are a characteristic signature of the presence of aligned
anisometric micelles. Analysis of the scattering along
the direction of the lobes, Qperp, provides information
across the diameter of the micelles, while the scattering
in the direction at 90° to this,Qpara, provides information
along the length of the micelles.
The advent of the scattering lobes, and their overall

appearance, reveal a lot about the system. The inherent
random thermal motion of the micelles may be charac-
terized by a rotational diffusion coefficient, Drot. For
there to be any alignment whatsoever, γ̆ > Drot. (The
dimensionless ratio of these two numbers is sometimes
called the Peclét number, a quantity we shall denote
as Γ.) For a rod Drot ∝ H -3, and so, from an experi-
mental viewpoint, the less rodlike a rod becomes, the
harder it is to align it. Furthermore, and all other
factors being unchanged, the greater the degree of
“necking” in the Qpara direction, the greater the degree
of alignment and the greater the axial ratio of the
micelles. Using the appropriate expressions,21a,36 it is
quite straightforward to show that for a rod of radius 5
nm to be aligned in the system we have studied, it must
have a length 2H g 200 nm. This is of course a
considerably larger estimate of the length of the rodlike
micelles than was extracted from the model fits to the
static scattering data and highlights an inherent prob-
lem with the study of the quiescent system.
Equation 5 is not, however, a valid model for the

scattering obtained under shear flow because in addition
to â three other angles are necessary to describe an
aligned system; two polar angles, θ and φ, to specify the
orientation of a rodlike micelle in the experimental
coordinate system, and the angle between Q and the
direction of flow, ψ.
An expression for the form factor for rods aligned by

Couette shear flow (where there is a linear shear rate
profile) has been presented by Hayter and Penfold.21
This has the form

where Prod (Q,Rc,H,â) is the form factor in eq 5,

Table 1. Physical Dimensions and Apparent Concentrations Derived from Model-Fitting of the SANS Data from a 1%
w/w Solution of Synperonic P-85 at Different Temperaturesa

Gaussian coil modela sphere modela solid rod modela hydrated corona rod model

T (°C) γ̆ (s-1) Γ Rg φpapp 〈Rs〉 φpapp Rc × 2H φpapp Rc × 2H t φpapp

13 0 0 3.1 ( 0.2 1.2
17 0 0 3.7 ( 0.2 1.4
21 0 0 3.8 ( 0.2 1.7
24 0 0 (4.3 ( 0.1) (3.8) (3.8 ( 0.1) (0.1)
33 0 0 (5.2 ( 1.5) (29.5) 4.4 ( 0.1 0.4
42 0 0 4.8 ( 0.1 0.7
51 0 0 5.2 ( 0.1 0.8 4.8 × 10.9 0.5
51 1300 0.0006 4.5 × 11.8 0.6 5.2 × 11.4 2.3 0.9
60 0 0 5.4 ( 0.1 0.8 5.0 × 11.7 0.6
60 500 0.0003 4.7 × 12.4 0.6 5.5 × 12.0 2.5 0.9
65 2750 0.0095 4.9 × 22.3 0.6 5.7 × 22.3 2.6 1.0
73 0 0 5.1 × 35.0 0.7
73 800 4.2 4.9 × 404 0.6 5.6 × 396 2.5 0.9
73b 800 4.8 6.3 × 412 3.3 2.2
73c 800 4.9 5.5 × 421 2.2 1.7
75 1900 2.5 6.0 × 229 2.7 1.3
77 800 3.8 5.0 × 389 0.6 5.9 × 378 2.6 0.8
81 700 3.4 6.5 × 375 2.9 1.1
a Nw

POE ) 3 and Nw
POP ) 0 except for (a) where Nw

POE ) 0, (b) where Nw
POE ) 6, and (c) where Nw

POP ) 1. Dimensions are given in
nm; apparent concentrations are given in % w/w. Radii in the rod models are (0.1 nm. Lengths are (2.5%.

Figure 2. Variation with temperature of the apparent ag-
gregation number and molecular weight, derived from the
static SANS data, for a 1% w/w solution of Synperonic P-85
in D2O.

P(Q,Rc,H,Γ,θ,φ,ψ) )

∫02π∫0π Ω(θ,φ,Γ) [Prod(Q,Rc,H,â+) +

Prod(Q,Rc,H,â-)] sin θ dθ dφ (7)
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and Ω(θ,φ,Γ) is a probability distribution function
describing the likely orientation of a rod for a particular
value of Γ and is given by37

Equation 9 is valid for any type of shear flow provided
that γ̆ is constant. Thus, strictly speaking, for applica-
tion to Poiseuille shear flow, Ω(θ,φ,Γ) should be inte-
grated over the range of shear rates present within that
volume element of the flow channel illuminated by the
neutron beam.38 Although this range of shear rates is
calculable,31b for computational expediency we have
chosen to use eq 9 in the form given above, but with a
single shear rate averaged over the area of the neutron
beam instead. This is expected to be a reasonable
approximation providing m g 1 and 2r < w.
Another problem with applying the Hayter-Penfold

expression for P(Q,Rc,H,Γ,θ,æ,ψ) to the case of Poiseuille
shear flow lies with the bracketed term in eq 7. Unlike
our apparatus, in Couette (concentric cylinder) shear
apparatus the neutron beam passes through the sample
twice, but compared to the entrance region, the direction
of flow in the exit region is reversed. This is the origin
of the two Prod terms. Unfortunately, it is not clear how
the bracketed term should be modified for the case of
Poiseuille shear flow, though a number of possible
modifications do seem readily apparent. For this reason
we have taken a rather more pragmatic approach and
have elected to use eq 7 as it stands. This is undoubt-
edly a much coarser approximation than that we have
used for the probability distribution function, but one
that appears not to be quite as bad as one might think.
To test this approximation we have run identical
samples under both Poiseuille and Couette shear flow.
The findings are discussed in the Appendix to this
paper.
We have simultaneously fitted eq 2 to the dΣ/dΩ(Qperp)

and dΣ/dΩ(Qpara) components of the shear-aligned SANS
data utilizing eq 7. As in the previous section, we have
ignored the S(Q) term and have not convoluted eq 7 with
a size polydispersity function. The shear rate γ̆ was
constrained to its experimental value, leaving a scale
factor, Rc,H, Γ, and a Q-independent background as the
variable parameters. The contrast parameter was also
constrained at its calculated value, but this time allow-
ance was made for the difference in contrast between
the POE and POP blocks of the copolymer. This was
because the aligned data are of higher resolution.
The contrast difference between the two blocks was

also enhanced by the fact that POE coordinates water
molecules (in this case molecules of D2O, which raised
the effective scattering length density of the POE
segments). Reported values for the degree of hydration,
Nw

POE, vary from about 1.5 to 6 per POE segment.39,40
In our analysis we have used Nw

POE ) 3, which can
probably be described as the modal value, and which
corresponds to a corona containing about 56% D2O (by
volume). A natural consequence of incorporating this
contrast difference is that our model was then also able
to provide estimates of the thickness of the POE corona,
t, surrounding the predominantly POP core of the
rodlike micelles.

If one makes the assumption that solvent molecules
only penetrate the corona, then from simple geometric
arguments it follows that the thickness of the corona is
a constant fraction of the total radius of a micelle for a
given degree of hydration, since

To calculate the third equality, we have used the
molar volumes of the components, V (where VPOE )
42.77, VPOP ) 56.39, and VD2O ) 18.08 cm3 mol-1). For
Nw

POE ) 3 this yields t ) 0.45Rc, but ranges from 0.36Rc
for Nw

POE ) 1 to 0.53Rc for Nw
POE ) 6. We note in

passing that recent rheological and densitometric stud-
ies41 provide strong evidence that the POP segments
might also be coordinating 1 water molecule per seg-
ment. The effect of incorporating POP hydration into
eq 10 (i.e., Nw

POE > 0) is to reduce the shell thickness
calculated above by between 10 and 14% (the reduction
diminishing as the ratio of POE-bound to POP-bound
water increases).
The results from the model-fitting analysis are also

shown in Table 1. The solid rod model is analogous to
the rod model used to analyze the static SANS data (i.e.,
Nw

POE ) 0, t ) 0). Notice that allowing for the hydration
of the corona has a small effect on the overall radii of
the micelles but a negligible effect on their length, as
might be expected from eq 10. It can also be seen that
the model incorporating a hydrated corona actually fits
the absolute intensities of the experimental data better
than the solid rod model (the values of φpapp for the
hydrated corona model allow for the coordinated water
molecules). Furthermore, at temperatures above the
sphere-to-rod transition temperature, the micellar lengths
given in Table 1 are much more consistent with the
rotational diffusion coefficient arguments outlined ear-
lier. The greatest axial ratio that is obtained under
shear is about 1:38. The data at 73 °C were also fitted
to models with different values ofNw

POE andNw
POP, but

as can be seen from the table, the concentration scaling
of these models was inferior.
The only other published data on the dimensions of

the rodlike micelles is that of Schillen et al.15 (which
also appears in the slightly more recent review article
by Almgren et al.2) and was obtained by analysis of the
rotational component of the relaxation time distribution
function from polarized dynamic light scattering experi-
ments. Unlike our approach, this was only able to yield
an estimate of a rod length for a specified micellar
radius. At 75 °C they obtained micellar lengths between
185 and 200 nm for Rc ) 5 nm. For larger radii, or for
temperatures above or below 75 °C, the rodlike micelles
were predicted to be shorter. These results are there-
fore consistent with our own, even to the point that we
observe a maximum in a graph of the average anisot-
ropy ratio42 (related to the axial ratio of the micelles)
versus temperature (at constant shear rate) at about
77 °C; see Figure 3. This peak is not unexpected. As
we have already discussed, on the low temperature side
the rodlike micelles are still evolving and are therefore
influenced by the presence of the shear flow field to
differing extents. On the high temperature side, ap-
proaching the cloud point, the POE segments are being

cos â( ) sin θ cos φ cos ψ ( cos θ sin ψ (8)

Ω(θ,φ,Γ) )
[1 - cos(2φ0)][1 + sin2(θ) cos(2φ0)]

3/2

4π[1 - sin2(θ) cos(2φ0) cos 2(φ - φ0)]
2

where 2φ0 ) arctan(8Γ) (9)

volumeshell
volumerod

)
Rc

2 - (Rc - t)2

Rc
2

)

2a(VPOE + Nw
POEVD2O

)

b(VPOP + Nw
POPVD2O

) + 2a(VPOE + Nw
POEVD2O

)
(10)
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progressively dehydrated. Again, by analogy with the
CiEj surfactants this could lead to a reduction in the
length of the rodlike micelles, driven by changes in the
surface area-to-volume ratio of the POE segments in
each micelle corona. There is some evidence of such an
effect in Table 1, where it can be seen that raising the
temperature from 73 to 77 °C has reduced the rod
lengths by almost 20 nm. Further increases in tem-
perature then appear to swell the rods rather than bring
about any significant additional shortening. This of
course also serves to reduce the axial ratio, and there-
fore the degree of alignment, but it is unlikely that the
preceding discussion is a complete description of the
behavior of the rods so close to the cloud point.
Since the model-fitting procedure incorporated Γ as

a refining parameter, this can be used to calculate the
effective rotational diffusion coefficient, Drot. The varia-
tion of both quantities with temperature in the vicinity
of the sphere-to-rod transition is shown in Figure 4. As
the micelles elongate and align with the flow, the Peclét
number increases and rotational motion diminishes.
Even allowing for a 2-3° deuterium isotope effect, the
values of Drot recovered from the SANS data are about
1 order of magnitude lower than those obtained by
Schillen et al.,15 though this is no doubt a reflection of
the difference in rod lengths as measured by the two
different techniques.
Perhaps more intriguing is the effect of shear rate on

the average anisotropy ratio (at constant temperature).
This is shown at 75 °C in Figure 5. Up to a shear rate
of approximately γ̆ ) 1000 s-1, the anisotropy ratio is
effectively constant, implying that there is little change

in the axial ratio of the rodlike micelles. Thereafter,
the anisotropy ratio gradually decreases with increasing
shear rate, signaling that the alignment of the micelles
is decreasing, until at γ̆ ) 2500 s-1 it has decreased from
almost 2 to just under 1.2. The most likely explanation
for this loss of alignment is that the rodlike micelles
are getting shorter, as seems to be supported by the data
in Table 1. If one compares the data for 73 and 77 °C
with the data for 75 °C, where the shear rate has been
doubled, it can be seen that the rod length has decreased
from circa 390 nm at 800 s-1 to 230 nm at 1900 s-1.
The anisotropy would diminish if the micelles were

exhibiting a reduced effective axial ratio, perhaps
through interactions with other micelles, but this does
not appear to be supported by the shear rate dependence
of the relative viscosity.43 This is shown for selected
temperatures in Figure 6. Below the sphere-to-rod
transition temperature it can be seen that the relative
viscosity is essentially independent of the shear rate;
i.e., the solution is Newtonian (m ) 1). Above the
transition temperature there is evidence of shear-
thinning behavior. While this is common in systems of
anisometric particles, it is a characteristic of fewer
intermicellar interactions, not more of them. We note
in passing that similar behavior has recently been
reported in, albeit rather more concentrated, aqueous
solutions of the homologue Synperonic F-127 (a ) 100,
b ) 65).44 Furthermore, the dependence of γ̆ on m is

Figure 3. Variation of the average anisotropy ratio with
temperature for a 1% w/w solution of Synperonic P-85 in D2O
at an area average shear rate of γ̆ ) 600 s-1. The continuous
line is a guide for the eye.

Figure 4. Variation of the effective Peclét number (1) and
effective rotational diffusional coefficient (2) with temperature
for a 1% w/w solution of Synperonic P-85 in D2O.

Figure 5. Variation of the average anisotropy ratio with area
average shear rate for a 1% w/w solution of Synperonic P-85
in D2O at a temperature of 75 °C. The continuous line is a
guide for the eye.

Figure 6. Relative viscosity of a 1% w/w solution of Synper-
onic P-85 in D2O at selected temperatures, as measured in a
Searle geometry rheometer. Each data set corresponds to a
different micellar geometry, with increasing temperature;
n-mers f spheres f ellipsoids f short rods f long rods. Key:
(b) 22 °C; (1) 42 °C; (9) 53 °C; (2) 63 °C; (() 74 °C.
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quite small, scaling approximately as 3:(2 + (1/m)); thus,
ifm doubled, a rather unlikely increase it must be said,
γ̆ would only drop to 83% of its value when m ) 1.
We do not believe that the behavior shown in Figure

5 is due to the onset of turbulent flow since at this
temperature the Reynolds number, Re, for the system,
given by

where ηrel is the viscosity of the solution relative to that
of D2O, ηD2O, is less than 1200 even at the maximum
flow rate depicted, and flow is considered laminar for
Re < 2000 and turbulent for Re > 4000. Furthermore,
all SANS measurements were performed at a point
along the flow channel where any nonlaminar flow
would have been either minimal or absent.45

Concluding Remarks
A SANS study of the dilute solution phase behavior

of the POE-POP-POE block copolymer Synperonic
P-85 as a function of temperature was conducted.
Measurements were made on the quiescent system, and
on the system subject to a Poiseuille shear flow field.
By model-fitting the scattering data to a range of

simple functions for the size and shape of the polymer
molecules and their aggregates, we have been able to
corroborate previous reports of how the solution struc-
ture evolves with increasing temperature; Gaussian
coils f loose aggregates of a few polymer molecules f
spherical micelles f ellipsoidal or short rodlike micelles
f long rodlike micelles.
The shear flow alignment of micelles in the rod phase

has allowed us to make realistic and detailed determi-
nations of the micellar dimensions that were not pos-
sible in the randomly oriented system. Our data
suggest that the micelles are roughly twice as long, circa
400 nm at 73 °C, as has been previously reported. Even
so, intermicellar interactions do not appear to be
significant at the polymer concentration studied (1%
w/w). The other dimensions are broadly comparable
with literature data, overall micellar radii of circa 5.5
nm of which the outer 2.5 nm is a well-solvated corona
of POE segments.
Though the model we have used to analyze the

aligned data was developed for a different type of shear
flow (Couette), we have demonstrated in the Appendix
to this paper that to a reasonable approximation the
equations are still applicable.
One remaining question concerns the flexibility of the

rodlike micelles, since the analysis we have used as-
sumes the rods to be relatively rigid. The opposite
extreme is that of the Kratky-Porod wormlike micelle,
characterized by a persistence length, l. If 2H > l >
Rc, then for such a model one would expect to see a
change in the functional form of the SANS at low-Q from
almost Q -1 (the dependence of a rigid rod; the exponent
is only minus one for an infinitely-thin worm) to Q-2

(the dependence of a flexible Debye Gaussian coil).46 We
do not see any definite evidence of this crossover in the
Q range we have examined, and this leads us to
conclude that l is relatively large (very crudely l may
be of the order of π/minimum accessible Q ≈ 39 nm).
Thus the micelles are more rigid than they are flexible.
We are currently using this combination of SANS and

shear flow to examine the phase behavior of related
POE/POP block copolymers in dilute solution.
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Appendix
Here we outline the results of a comparative study of

the effects of Poiseuille and Couette shear flow on the
same sample under the same conditions using SANS.
Since the Couette shear apparatus available to us had

an upper temperature limit, imposed by its method of
construction, below the P-85 sphere-to-rod transition
temperature we have instead used a 1% w/w solution
of the nonionic surfactant hexaethylene glycol mono-
hexadecyl ether (or 6 cetyl ether), commonly denoted
as C16E6, at a temperature of 30 °C. This system has
the benefit of having been widely studied, and in
particular, data are available on the dimensions of the
rodlike micelles formed by this surfactant under these
conditions.39
Two approaches have been compared. In the first,

the area average shear rate for the Poiseuille shear
apparatus was set as close to the shear rate used with
the Couette shear apparatus (circa 5000 s-1) as possible.
In the second, because our previous work31 showed that
the degree of alignment observed under Poiseuille shear
flow was not as great as that achieved under Couette
shear flow, the shear rate for the Couette apparatus was
adjusted until the anisotropy ratio of the scattering42
approximately matched that achieved in the Poiseuille
shear apparatus at an area average shear rate of 5000
s-1 (an anisotropy ratio of circa 2.3).
The results of model-fitting eqs 7-9 to the SANS data

from this system are compared in Table 2.
The differences in the micellar radii are not statisti-

cally significant, but the variations in the micellar
lengths are (one standard deviation being no more than
(10 nm). That said, the two data sets obtained under
Couette shear flow at a nominal shear rate of 5000 s-1

show quite good agreement, though the literature data,
obtained at a slightly lower shear rate and with a
completely different sample, suggest the presence of
somewhat longer micelles. It is of course possible that
as the shear rate is raised, hydrodynamic forces break
down the very long rodlike micelles, as appears to be
the case in the P-85/D2O system.
The important point about these data is that the data

obtained under Poiseuille shear flow correlate much
better with the Couette data obtained at the same shear

Re )
DsolutionF
wηD2O

ηrel
(11)

Table 2. Physical Dimensions and Apparent
Concentrations Derived from Model-Fitting of the

Shear-Aligned SANS Data from a 1% w/w Solution of
C16E6 at 30 °Ca

shear flow γ̆ (s-1) anisotropy ratio Rc × 2H φpapp φpactual

Couette39 5000 not stated 3.3 × 400 0.5 0.6
Couette 5275 7.7 3.1 × 333 1.6 1.2
Couette 475 2.5 2.9 × 557 1.4 1.1
Poiseuille 5000 2.3 2.7 × 250 1.9 1.2

a Nw
POE ) 3 and Nw

C16 ) 0. Dimensions are given in nm;
apparent concentrations are given in % w/w. Radii are (0.1 nm.
Lengths are (2.5%.
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rate than they do with the Couette data obtained at the
same anisotropy ratio (same degree of alignment). This
is despite a factor of 3 difference in the anisotropy ratios.
Thus the fact that the lengths of the micelles appear
underestimated in the case of Poiseuille shear flow is
just as likely to be a consequence of the poorer degree
of alignment, reducing the sensitivity of the experiment
to the lengths and flexibilities of the rods, as a conse-
quence of our application of a model developed for
Couette shear flow. We therefore submit that to a
reasonable level of approximation Poiseuille shear flow
data may be interpreted using eqs 7-9 with the provisos
outlined in the main text.
It will also be observed that, compared to the P-85

data, the concentration scaling of these data are rather
less satisfactory. This is because at 1% w/w there is a
much larger contribution to the scattering from the S(Q)
term in this system that cannot be treated within the
framework of this model. The literature data in the
table, however, are at a lower concentration and so are
less affected by this contribution.
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