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ABSTRACT: We present light-scattering measurements confirming that poly(ethylene oxide)/polystyrene
block copolymer micelles in cyclopentane undergo remarkable increases in aggregation number, from 17 to
77 upon saturation with water. This micellar molecular weight increase is responsible for the increase in the
hydrodynamic radius we observed previously! and is accompanied by an increase in the radius of gyration.
Micellar solutions saturated with water have insignificant concentrations of single chains and can be diluted
at constant water activity. The second viral coefficient and the concentration dependence of the diffusion
coefficient in these micelles reflect soft-sphere interactions. At low polymer concentrations, nonvirial changes
in micellar size reflect further increases in aggregation number to the order of 100 chains/micelle. We
interpret our scattering results in the context of a starlike micelle model. These structures comprise a solid
core surrounded by a corona exhibiting the concentration profile expected for star-shaped polymers. We find
that the starlike micelle describes the radius of gyration and hydrodynamic radius of our micelles quite well.
This model only begins to fail as the aggregation number drops below 30 and the chains are no longer in
semidilute conditions. We also present the ratio of hydrodynamic to gyration radius and find behavior

spanning a region between Gaussian chain behavior and hard spheres.

Introduction

The similarity between block copolymers in selective
solvents and surfactants was realized long ago?3 in the
first studies showing block copolymer micelle formation.
Many groups have studied micelle formation and emul-
sification in block copolymer solutions via a variety of
analytical techniques.4® Block copolymers dissolved in
selective solvents are believed to form relatively mono-
disperse micelles above a critical micelle concentration.
The number of chains per micelle, or aggregation number,
is often quite large, on the order of 50 or more.”® The
expected structure as described in several recent reviews
comprises a spherical core of insoluble blocks surrounded
by a corona of solvated segments.459

We have recently discovered the sensitivity of block
copolymer micelles to the presence of a second immiscible
solvent compatible with the core.! We presented a
dynamic light-scattering study showing the effect of water
on the size of poly(ethylene oxide)/polystyrene diblock
copolymers. We inferred that the addition of water to
such a system augmented the aggregation number sub-
stantially, causing the observed increase in hydrodynamic
size. In this paper we present the results of a static light-
scattering study confirming the increase in apparent
aggregation number and physical size.

Several groups have made the connection between block
copolymer micelles and star-shaped polymers,?1% and one
scaling analysis of micellar size has resulted from such an
analogy.l! To provide a basis for interpretation of our
scattering measurements, we expand on this idea and
describe a model of polymeric micelles based on the
structure of a star-shaped polymer.1%1213 The recent
development of synthetic star-shaped polymers led to a
number of experimental studies!4!® supplementing nu-
merous theoretical!21320 and computational!® works. A
star molecule exhibits a radial density profile characteristic
of a semidilute polymer solution confined to a spherical
domain. The star can be modeled as a collection of strings
of blobs where within each blob the chain undergoes a
self-avoiding walk.2! Theblob size increases with distance
from the center of the star, producing a characteristic
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scaling behavior for the density profile. We model a mi-
celle as a dense core of insoluble blocks and dispersed
solvent surrounded by a corona with the characteristics
of a star molecule.

An important feature of our micellar system is the ease
with which we can dramatically alter the number of arms
in ourstar-shaped aggregates. Since the presence of small

‘quantities of water producs large changes in micelle

dimension, we can provide a test of the star model over
a wide range of arm lengths and number. Thus, if a star
model holds for a micellar solution, such a system may
expand the available experimental range providing a
supplement to synthetic stars. In addition, a starlike mi-
celle provides a much more physically reasonable picture
than the uniform core-shell models previously em-
ployed.22

Wefirst describe our static and dynamic light-scattering
experiments including a description of data analysis
procedures. We then present the results of those studies.
We finally discuss the starlike model of a polymeric mi-
celle and compare the scattering results to its predictions.

Experimental Section

Materials. Poly(ethylene oxide)/polystyrene diblock copol-
ymer SE002, obtained from Polymer Laboratories Inc., was used
without further purification. The block copolymer has a mo-
lecular weight of 187 500 g/mol, a polydispersity index My/M,
of 1.10, and ethylene oxide content of 4 wt %, based on GPC
measurements of the polystyrene block and NMR experiments
on the final block copolymer. Monodisperse polystyrene stan-
dards, with molecular weights and polydispersities listed in Table
I, were purchased from Polysciences Inc. Cyclopentane (cp) from
Eastman Kodak with a purity of 99 % and reagent-grade toluene
from J. T. Baker Chemical Co. were used without further
purification. Distillation of the cyclopentane over sodium,
performed in initial work with this system,! did not affect our
results and therefore has been omitted. The water was treated
in a Milli-Q unit.

Sample Preparation. Solutions of polystyrene (PS) ho-
mopolymer standards and poly(ethylene oxide)/polystyrene
(PEO/PS) diblock copolymer were prepared in concentrations
ranging from 0.1 to 5 mg/mL. Samples were filtered through
Millipore Fluoropore 0.2-um membrane filters into dust-free
cylindrical light-scattering cells. Dilutions were made in thesame
cell by adding solvent filtered through 0.02-um filters. Samples
saturated with filtered water were shaken overnight and equil-

© 1991 American Chemical Society



Macromolecules, Vol. 24, No. 7, 1991

Table I
Results for Dilute Solutions of Polystyrene Homopolymer
at 23 °C
M cyclopentane toluene

w
X 1082 M,/ M,Xx10%, A;x105 M,X1095 A;Xx 105

g/mol M, g/mol mL mol/g?2 g/mol mL mol/g?
4.0 1.06 4.07 2.0 447 54
2.6 1.06 2.74 2.3 2.67 51
1.6 1.10 1.70 2.8 1.76 45

8 Values cited by Polysciences Inc.

ibrated for at least 24 h. Small water droplets were visible on
the bottom of the scattering cells for these samples. Water
content was determined by Karl Fischer titrations! with an
Aquastar C2000 titrator and is reported in parts per million by
weight (ppm). Concentrations (£3%) were determined after
filtration by UV absorption at 260 nm.

Physical Properties. Solvent refractive indices of ny =
1.4915 (23 °C, 632.8 nm), nq, = 1.4033 (23 °C, 632.8 nm), and n,
= 1.4079 (23 °C, 514.5 nm) were obtained from the literature
after corrections for temperature and wavelength dependences.?
The specific refractive index increments (dn/dc) for PSand PEO/
PS in cyclopentane were measured at 25 °C and 632.8 nm by
using a KMX.-16 laser differential refractometer, yielding (dn/
de)ps = 0.179 mL/g and (dn/dc)peo/ps = 0.182 mL/g. We use
a refractive index increment for polystyrene in toluene of 0.106
mL/g, alsomeasured* at632.8 nm. The temperature dependence
of the refractive index increments for these solutions over narrow
temperature intervals is negligible.?> The cyclopentane viscosity
of 0.432 cP was measured at 23 °C with a Cannon-Ubbelohde
capillary viscometer. The physical properties needed for com-
parison with the star model, npg = 1.59, npro = 1.46, Nyater = 1.33,
pps = 1.06 g/cm3, and ppro = 1.13 g/cm? were obtained from the
literature.2

Static Light Scattering. We modified a SOFICA 42000
photo-gonio-diffusometer? to operate with a 2-mW helium-neon
laser instead of the original mercury lamp.# We removed all of
the optical components previously positioned between the lamp
and the vat window. The laser beam first passes through a beam
splitter, sending 10% of the beam to a reference photomultiplier
tube (PMT) to compensate for variations in the light source
intensity. A mirror then directs the main beam through a
diaphragm, to remove stray light, and neutral density filters, to
attenuate the beam, before it enters the vat. The resulting
incident beam is a collimated source of vertically polarized light
with a wavelength of 632.8 nm.

The detector optical geometry has not been changed. Both
reference and measuring PMTs have been replaced with Ha-
mamatsu 1P28A PMTs, particularly sensitive to longer wave-
lengths. We fill the vat surrounding the sample cell with an
index matching hydrocarbon mixture (n = 1.4512 at 23 °C and
632.8 nm) purchased from R. P. Cargille Laboratories Inc. Dust
is removed by pumping the fluid through a 0.2-um MF-Millipore
filter hooked to the vat drain and the thermometer well. The
gat }ils temperature controlled to £0.05 °C with a circulating water

ath.

Alignment was verified by measuring intensities from an
isotropic scatterer (toluene) and comparing values of I(6) sin 6;
deviations from unity remained below 2%. In a typical exper-
iment we measure the scattering intensities at 11 angles, ranging
from 8 = 30° to 150°. We cycle through the angles three times
and calculate mean values for each angle. A set of four to six
samples with declining concentrations is used for each Zimm
plot. Measurements of a toluene standard after each sample
confirmed the spectrometer stability.

Dynamic Light Scattering. We use a Brookhaven Instru-
ments BI-200 goniometer equipped with a Lexel Model 95 2-W
argon ion laser at a wavelength of 514.5 nm to measure the
hydrodynamicsizes of our micelles. The sample cell issurrounded
with the index matching fluid described above. Temperature is
controlled to £0.05 °C by a water bath. Digital signals from the
goniometer are processed by using a Brookhaven Instruments
BI2030 136-channel correlator.
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Data Analysis

Static Light-Scattering Measurements. Absolute
intensity is often expressed in terms of the Rayleigh ratio:

2
d (ﬁ;c&’ )

where I(0,c) is the irradiance at a distance r of the light
scattered from a solution with scattering volume, V, and
Iy is the irradiance of the incident light. The scattering
angle, 4, is formed between the directions of the incident
and detected light. The excess Rayleigh ratio, AR =
(Reolution — Reolvent), from a dilute polymer solution s related
to the weight-average molecular weight, My, in the
following form:28

Ke__1
AR~ M_P()

where ¢ is the polymer concentration in units of weight/
volume and, for vertically polarized incident light, K =
472n2(dn/dc)?/ AN, is an optical constant? combining n,
the refractive index of the solvent, (dn/dc), the specific
refractive index increment, A\, the wavelength of light in
vacuo, and Ny, Avogadro’s number. The concentration
dependence of the excess scattering is embodied in second
and third virial coefficients, A and As.

The particle structure factor, P(6), describes the angular
dependence of the scattered light and begins to deviate
from unity as the particle radius of gyration, Ry, approaches
the inverse of the scattering vector, 1/q, where g = (4dnn/
A) sin (6/2) and

R(b,c) =

+ 24,0 + 34 + ... 2

—=—.. (3)

For polydisperse polymers, (Rg?) = - MiciRg 2/ > Mic; is
the z-average square of the radius of gyration.
Combining the equations above, we obtain

Ke _ 1 167°n’ o2, . 2(f
AR E[l + a2 (R,") sin (5)] +24,c 4)
This equation provides the basis for a Zimm plot,3! where
Kc/AR is plotted as a function of sin® (6/2) + kc and k& is
an arbitrary constant, usually of order xc!, chosen to
distribute points along the x axis. The initial slope of the
curve comprising points extrapolated to ¢ = 0 is propor-
tional to (Rg?), whereas the initial slope of the curve
comprising points extrapolated to 8 = 0 is proportional to
As. Extrapolationtoboth ¢ =0and 6 = Qyields an intercept
inversely proportional to the weight-average molecular
weight.

The micellar molecular weight can be determined
directly if the system under study can be described by the
model of closed association. This approach, introduced
by Debye,32is valid at concentrations in the vicinity of the
critical micelle concentration (cmc). The excess Rayleigh
ratio contains the amount of scattering in addition to that
from an “effective solvent”, including the solvent and single
chains at the critical micelle concentration:

K(c - cmc) -1
R- Rcmc wa(a)

At concentrations much higher than the cmc, the measured
intensity is dominated by the micelle contribution and
the single chains can be neglected.

In some instances, the micellar molecular weight may
be changing too rapidly to allow meaningful Zimm plot
extrapolations to infinite dilution. However, evaluation

+ 24,(c - cmc) + ... 5)
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ofthe scattering angular dependence at each concentration
will yield an apparent radius of gyration and molecular
weight. The first means to obtain this information is
equivalent to analyzing the angular dependence in the
Zimm plot, where K¢/ AR is plotted against sinZ (§/2). An
alternate method utilizes the Guinier approximation for
the form factor, P(6) = exp(-q2R,?/3) (ref 33) and involves
a plot of In (AR/Kc) versus sin? (§/2). The behavior of
these concentration-dependent parameters upon sample
dilution will encompass both viral-type interactions as well
as variations in micelle aggregation number. In the limit
of infinite dilution, both methods should yield equivalent
radii of gyration and weight-averaged molecular weights;
we present results of both approaches for completeness.

Static light-scattering measurement of block copolymers
is complicated by the fact that, in general, block copolymers
are polydisperse in composition and molecular weight. For
example, the weight-average molecular weight3

2

C: . N
M, = Z M;(dn/dc), ©)

D cdn/de)?
depends on the potentially variable contrast between
copolymer chains and the solvent, resulting in measure-
ment of an apparent molecular weight. This problem is
eliminated if the blocks have equal index of refraction
increments, if one block is index-matched with the solvent,
or if the sample is perfectly monodisperse in composition
and molecular weight. In this study the block copolymer
is highly asymmetric, consisting of 96% polystyrene by
weight. The scattering is dominated by the polystyrene/
cyclopentane contrast, evident by the similarity between
therefractive index increments of the homopolymer (0.179
mL/g) and the block copolymer (0.182 mL/g). Therefore,
the measured molecular weight should be very close to the

true weight-average molecular weight.

To determine molecular weight, we need to measure
intensity on an absolute scale. We calibrate the spectro-
photometer with the Rayleigh ratio for toluene, Ryo(7/2)
= 1.402 X 1075 cm™!, measured at 23 °C with vertically
polarized laser light at 632.8 nm by Kaye and McDaniel.?5
We use

R(0) =I(f) sin 6

Ry(/2) (L) 2 -

Ito](ﬂ'/z) ol

to convert the unpolarized intensity measured in a
cylindrical cell, I, to the corresponding Rayleighratio. The
scattering volume, determined by the intersection of the
incident beam and the detected light, varies with scattering
angle and is responsible for the correction factor sin 4.
The last ratio is a refraction correction?’ for differences
in scattering volume viewed by the detector. The design
of the Sofica detection optics eliminates the need for
reflection corrections.38

Dynamic Light-Scattering Measurements. We in-
vert the correlation functions measured in dynamic light-
scattering experiments with the data analysis program
coNTIN,3? developed by Provencher. conTIN provides the
smoothest nonnegative hydrodynamic size distribution
that is consistant with the data. To reduce possible
distortions due to oversmoothing, we decrease the im-
portance of the curvature penalty term by setting the
“probability one to reject” to 0.2, less smoothing than
suggested by Provencher. We then compare several data
sets (on the order of 10) at each angle to access the
reliability of the resultant distributions. Details of the
data analysis are discussed in a recent publication.!
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We measure gradient diffusion coefficients of the mi-
celles as a function of concentration and extrapolate to
infinite dilution using D = Do(1 + Kp¢), where Kp includes
both thermodynamic and hydrodynamic interactions and
¢ isthe volume fraction of the solute. Inthelimitofinfinite
dilution, the gradient diffusion coefficient is equal to the
self-diffusion coefficient, and we can use the Stokes—Ein-
stein relation to obtain hydrodynamic radii, Ry = kT/
6mnDo, where kg is the Boltzmann constant, T the absolute
temperature, and n the viscosity of the solvent.

Results

Polystyrene Solutions. We performed initial exper-
iments with polystyrene standards to test the spectro-
photometer. Table I summarizes the molecular weights
and second virial coefficients obtained in toluene and cy-
clopentane, good and near-9-solvents, respectively, at 23
°C. Themolecular weights agree within experimental error
with those given by the manufacturer. The second virial
coefficients are comparable to those found in the literature.
We find A; = 4.5 X 1074-5.4 X 10~¢ mL mol/g? for
polystyrene in toluene at 23 °C, whereas Appelt and Mey-
erhoff®8 report values of 1.35 X 10™-2.35 X 10~ mL mol/
g2 at 20 °C, and Kniewske and Kulicke® report 1.4 X
104-5.9 X 10~ mL mol/g2 at 25 °C. As expected, we find
smaller positive second virial coeffients in cyclopentane,
with values between 2.3 X 1075 and 2.8 X 105 mL mol/g2.
Afitthrough the data of Berry et al.40suggests a somewhat
smaller value of 1.6 X 105 mL mol/g2

We measured second virial coefficients for the 400 000
molecular weight PS homopolymer at temperatures rang-
ing from 23 to 29 °C. The 6 temperature of 21.7 £ 0.5 °C
was obtained by extrapolation of A, as a function of 1/T
to As = 0. Others have reported © temperatures for
polystyrene in cyclopentane ranging from 19.6 {0 23 °C.40-43
It has been discussed, to some extent, that trace amounts
of impurities can affect the 6 temperature.4* This may
explain the scatter in © temperature from different studies
as cyclopentane from various sources can contain up to
5% linear alkanes, We were particularly interested in the
effect of saturating amounts of water on the thermody-
namic state of polystyrene in cyclopentane; however, as
we increased the water content from ambient levels, 30—
40 ppm, to the saturation level of 82-92 ppm, we found
no detectable changes in the second virial coefficient.

Micellar Solutions. An earlier dynamic light-scat-
tering study! revealed that the aggregation behavior of
PEO/PSin cyclopentane is very sensitive to trace amounts
of water. An increase in water content from 30 to 100
ppm can cause an increase in R}, on the order of 30-40%.
We have also observed a surprising increase in micelle Ry,
upon dilution of solutions saturated with water, occurring
below concentrations of 1 X 1078 g/mL (see Figure 1). We
initiated this static light-scattering study to investigate
how micelle radii of gyration and aggregation numbers
are affected by changes in water and copolymer concen-
trations. In particular, we would like to compare the
structures formed in relatively dry micellar solutions with
those saturated with water.

Solutions saturated with water have well-defined con-
centrations, with this polymer dispersing 0.7 molecule of
water/ethylene oxide unit.! Solutions well below their
saturation points, however, are difficult to prepare while
maintaining a constant water content in the micelles. In
these solutions we use the hydrodynamic size as an
indication of solution conditions. We consider solutions
having constant hydrodynamic sizes to have relatively
constant solution conditions. We investigate such solu-
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Figure 1. Micelle hydrodynamic radius as a function of
copolymer concentration for solutions with 30-40 ppm water (@)
and solutions saturated with water from this study (®) and a
previous publication (A).

tions of unsaturated micelles with 30—40 ppm of water for
comparison with micelles saturated with water and refrain
from interpreting small changes in size or thermodynamic
properties. The sensitivity of these micelles to water
content precludes virial analyses except when the solutions
are saturated with water and can be diluted under
conditions of constant water activity.

The critical micelle concentration (cmc) and hence the
background concentration of single chains, decreases with
the addition of water.! In solutions saturated with water
the critical micelle concentration is too small to be detected,
and thus single chains do not contribute to light-scattering
signals and pose no ambiguity in data interpretation. In
solutions having a low water content, unassociated chains
can account for a substantial fraction of the scattered
intensity. Using the approach of Debye,32 subtracting the
scattering and concentration due to single chains, we find
cmc ranging from 8 X 1073 to 5 X 10~ g/mL; again, this
is very sensitive to water content. Therefore light scat-
tering from unsaturated solutions can include substantial
contributions from single chains and should be analyzed
with eq 5. ’

To apply the Zimm methodology, we desired regions
where we could make sets of solutions of varying micellar
concentration with micelles of constant size. We focus
our attention on three concentration regimes, one having
alow water content, 30—40 ppm, and two others saturated
withwater. The hydrodynamic radiiin these three regions
are shown in Figure 1, along with data from our previous
publication.! Solutions with copolymer concentrations of
1.6 X 1073-3.4 X 1073 g/mL have relatively constant mi-
celle sizes with Ry, of 34.9 nm for low water contents (30—
40 ppm) and 43.9 nm at the saturation level (~ 100 ppm).
These hydrodynamic values represent extrapolations to
zero concentration; there is a slight virial behavior
described below. These solutions are typical of our
unsaturated and saturated micellar systems, and since they
have fairly weak concentration dependences we can pursue
a Zimm analysis of their size and mass as shown in Figure
2. Evaluation of dry solutions via Zimm analysis yields
a weight-average aggregation number of 11; this value
increases to 17 when corrected for the presence of single
chains via either the Debye analysis or subtraction of cmc
from the weight average. Zimm analysis of static light
scattering from saturated solutions reveals a substantial
increase in aggregation number, to 77, accompanying the
increase in hydrodynamic size upon addition of water.
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Figure 2. Zimm plots for solutions with (a) (0) 30-40 ppm water
and 1.9 X 1073-3.2 X 103 g/mL of copolymer and (b) (O) saturation
levels of water, 80~100 ppm, and 1.6 X 10%-3.4 X 103 g/mL of
copolymer. Solid symbols indicate extrapolated values.

In general, second virial coefficients from associating
solutions can be difficult to interpret. The concentration
dependence of the saturated intensity should include
individual terms for single chains and micelles as well as
cross terms. Others* have found negative second virial
coefficients in the vicinity of the cmc, where single chains
make a significant contribution. We find a value of 2.0
X 107 mL mol/g? from the Zimm plot in Figure 2a for the
low water content, 10-2 g/mL copolymer concentration
regime. This negative virial coefficient could result from
attractions between poorly shielded micellar cores; how-
ever, this behavior may also reflect a significant contri-
bution from associating single chains. Since our solutions
saturated with water are well beyond the cmc, we assume
the concentration dependence to represent primarily mi-
celle-micelle interactions. Here the second virial coeffi-
cient changes sign, with a value of 3.1 X 10¢ mL mol/g?
in the saturated solutions at 1073 g/mL copolymer. We
envision the attractions between micellar cores to be better
mediated by the solvated coronae; micelles saturated with
water have higher aggregation numbers and denser coro-
nae providing a more effective repulsive barrier between
micellar cores.

Wenote that the latter second virial coefficient is smaller
than the values we measured for homopolymer polystyrene
in cyclopentane. Others have found smaller values of A;
for star polymers when compared to values for linear
chains, a trend in accord with predictions from the random-
flight model.4®

The virial behavior of the diffusion coefficient in
solutions saturated with water reveals a slight retardation
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Figure 3. Apparent aggregation numbers for solutions (@)
saturated with water and (B) below the saturation level (30-40

ppm).

of mutual diffusion with the coefficient Kp equal to —0.95.
This coefficient can be attributed to thermodynamic and
hydrodynamic interactions through the second virial
coefficient and the virial coefficient for sedimentation via
Kp = 2Ay + Kg, where Ay’ = 3AoMM/NadnRwm3, Rumis the
micelle radius, and M)y is the micellar molecular weight.
Converting our results to these volume fraction units, using
Ry, = Ry, we find Ay’ = 3.03, Kp = —0.95, and K, = -7.01.
These can be compared to the hard-sphere values, Ay’ =
4, Kp = 1.45, and K, = -6.55.4748 The increase in the
magnitude of K; over the hard-sphere value is typical of
particles interacting via short-range attractions with
repulsions of finite range as in an adhesive excluded sheli
potential.#® An additional way to interpret these results
is by analyzing the second virial coefficient in terms of a
thermodynamic radius, Rt8 = 4w A;Mwm?/3. This provides
a ratio of thermodynamic to hydrodynamic size, Rr/R) =
0.9, reflecting greater thermodynamic penetrability in the
outside of these micelles than in hard spheres.!5 In this
regime, Rt/Ry > 0.72, homopolymer chains would have a
positive Kp, indicating differences in both structure and
interggtions between these micelles and normal polymer
coils.

Upon dilution by a factor of 10, micelles saturated with
water enlarge to have hydrodynamic radii of approximately
50 nm. In these very dilute solutions of saturated mi-
celles, the aggregation numbers change too rapidly to
enable meaningful Zimm plot extrapolations. Alterna-
tively, we obtain concentration-dependent aggregation
numbers by analyzing the angular dependence of the
scattered light with Zimm plots and Guinier plots (de-
scribed above). In Figure 3 we illustrate the dependence
of micelle aggregation number on water and copolymer
concentration by displaying averages at each concentration
from a Guinier plot and the angular dependence of a Zimm
plot for all three solution regimes. Wefind a30% increase
in aggregation number, to values on the order of 100, as
solutions saturated with water are diluted by a factor of
10. Tuzar and co-workers have observed similar increases
in aggregation number and hydrodynamic size when
diluting micelles of fractionated triblock copolymers.4®

Measured radii of gyration should reflect only micellar
contributions because of the small size of the single chains
compared to the probing radiation wavelength. Averages
of the concentration dependent R;’s are shown in Figure
4 for all three solution regimes. At the higher concen-
trations, radii of gyration extrapolated to zero concen-
tration increase from 27.4 to 30.8 nm as water concen-
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Figure 4. Apparent radii of gyration for (®) saturated and (m)
unsaturated solutions. Error bars indicate agreement between
values from angular dependence analysis of Zimm and Guinier
plots.

Table II
Light-Scattering Results for PEO/PS = 170/1730 at 23 °C
PEO/PS conc, g/mL ~108 ~10-8 2.6 X 104
water conc, ppm 30-40 satd satd
aggn no. (Zimm) 17 77
aggn no. (Zimm, Ang) 17 77 103
aggn no. (Guinier) 17 76 98
Ag, mL mol/g? -20%10°% 31x10°%
Rg, nm (Zimm) 279 31.7
Rg, nm (Zimm, Ang) 28.1 32.0 394
Rg, nm (Guinier) 26.9 29.6 35.4
Ry, nm 34.9 43.9 50.1

trations are increased from 30-40 ppm to the saturation
level. We find a further increase to values on the order
of 37 nm upon dilution of micelles saturated with water.

We summarize our light-scattering measurements in
Table II, where we present results from full Zimm plots,
Zimm plot analysis of angular dependence, and Guinier
plots. Values extrapolated to ¢ = 0 are given for the two
regimes at higher concentrations, whereas values for a
representative solution are listed for the very dilute
saturated micelles; again, neither a Zimm plot nor an
extrapolation to infinite dilution is appropriate for the
latter case because of the rapidly changing micelle size.

Discussion

The similarity of block copolymer micelles to star-shaped
molecules has been realized for some time.10-13 A star
molecule having many branches or arms can be modeled
as a collection of strings of blobs.!® Within each blob the
chain undergoes a self-avoiding walk, and the blob size
increases as the string extends radially. Such a collection
of blobs produces a density profile decaying with distance
from the center, and thus chains are more swollen near
the outside of the star than in the center.

We have developed a model of a micelle comprising a
solid core of insoluble blocks and dispersed solvent
surrounded by a shell or corona having the characteristics
of astar polymer. This model allows us to further interpret
the aggregation number, radius of gyration, and hydro-
dynamic size from light-scattering measurements.

The basis of our model is the radial density distribution
of polymer segments within a many-arm star, p(r) «
f@-1/2p(1-30) /v which varies with the number of arms, f,
according to the exponent » = 3/; for a good solvent or 1/,
near © conditions. Thus our model of the segment density
profile within a micelle becomes
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p(r)=p, r<R,
o(r) = A(r/a,)l/"r'a R, <r<R,
p(r)=0 R, <r 8

where R, is the core radius, Ry, the micelle radius, and a,
is the size of the monomers in the corona or shell. The
core density, o, represents the density of the core polymer
alone or with dispersed solvent, and A is a constant to be
determined below. We denote £(r), the diameter of a blob,
and require that in the first layer of fblobs, £(R.) be defined
such that the surface area match that of the core, providing

£R,) = 4R /f/* (9)

a relationship between the blob size at the core—corona
boundary and the core size and aggregation number. Since
there are (£/a,)'/” monomers/blob, we can match the
density at the core-corona boundary

3.41/V(Rc/as)1/Vf(3v—l)/2v

p(R) = = AR,/a)"'R>®  (10)
[ 321ch3 C/ c

to determine the constant of proportionality 4 =

3.41/vf13v—1)/2v/32,r'

This model density distribution can be used to determine
the radius of gyration as a function of the micelle size,
aggregation number, core size, and the scattering contrast
of the two blocks.® If one assumes that micelles are poorly
draining, one can equate the hydrodynamic radius with
the micelle radius to determine R;. We apply a more
stringent test and predict both the overall radius and radius
of gyration from the aggregation number determined from
our scattering measurements. Thus we relate the micelle
size and core dimension to the aggregation by requiring
integration over the micelle density profile to recover the
total number of monomers:

S ot av =Ny (1)
In the core, this produces the familiar packing constraint
1
r= ()" a2
while integration over the corona results in
. (SN oy 1/y)v
n= —03.41/",, /' +R, (13)

arelationship between the micelle size, aggregation number
and core dimension.

Finally, we determine the radius of gyration measured
from light scattering by integrating the second moment
of the refractive index profile:

(Rgz) = J;@n(r)r‘ dr/ j;wn(r)rz dr (14)
with

n(r)=(n,-ny) r<R,

n(r) = (n,- n)AV,(r/a)/1® R, <r<R,
n(r)=0 R, <r

where n, — ng and n¢ — ng are the differences between the
refractive indexes of the shell and solvent and the core
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Figure 5. Comparison of experimental sizes, (M) radii of gyration,
and () hydrodynamic radii, with starlike micelle model pre-
dictions, where Ry, R, and R, are micelle radii, radii of gyration,
and core radii, respectively. Dashed lines and solid lines illustrate
small variations for the system under study with no water and
saturation levels of water, respectively.

and solvent, respectively. On the basis of the Gladstone—
Dale equation® for the refractive index increment, we
weight the index of refraction difference by the local
polymer volume fraction, multiplying the number density
by the volume per statistical segment, V.

To model poly(ethylene oxide)/polystyrene in cyclo-
pentane we choose the exponent » = 1/, representative of
the near-9 condition of the styrene chains; we use the
indexes of refraction and densities described above. We
define the statistical segment lehgth as a,? = 6R;?/N, and
determine from the data of Berry5! that polystyrene in
cyclohexane at 6 conditions has a; = 1.55 nm, equivalent
to 5 monomers/statistical segment. Thus, while N,
represents the number of monomers per insoluble block,
N, specifies the number of statistical segments per soluble
block.

We demonstrate the effect of aggregation number on
our calculated radius and radius of gyration in Figure 5.
We note that the micellar size increases slowly with
aggregation number due to the efficient packing of chains
in a star configuration.

When these block copolymer micelles are saturated with
water, there is 0.7 molecule of water /ethylene oxide repeat
unit. Under these conditions we use a volume-average
index of refraction to describe the PEO and water assumed
to be homogeneously distributed throughout the core. The
addition of water to the core of the micelle increases the
core diameter but has little discernible effect on the overall
micelle size as shown in Figure 5. The primary effect of
saturation with water is the dramatic increase in the
aggregation number, shifting the radius of gyration and
overall radius solely by the addition of chains to the mi-
celle.

We compare the model predictions of R; and Ry, with
our measurements of B; and R}, in Figure 5 and Table IIL.
Clearly, the model best predicts radius of gyration when
depicting saturated micelles with aggregation numbers
from 77 to 100. The agreement is reasonable for both
hydrodynamic and gyration radii, although the slight over-
prediction of Ry suggests that there is some draining in
the outer portions of the starlike micelles.

The radius of gyration prediction for micelles at low
water content errs, falling below the measured value.
Several factors may contribute to this discrepancy in-
cluding uncertainties in the model parameters such as
segment size and density. Perhaps more important is the
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Table ITI
Comparison of Experimental Values and Starlike Micelle
Predictions
PEO/PS conc, g/mL ~1078 ~10738 2.5 X% 10
water conc, ppm 30-40 satd satd
aggn no. 17 77 100
Experimental Values

Ry, nm 27.5 30.8 374

Ry, nm 34.9 43.9 49.6
Rg/Ry, 0.79 0.70 0.75

Starlike Micelles

R¢, nm 24.0 35.4 37.8

Rm, nm 34.0 49.7 53.1
Rg/Ry 0.71 0.71 0.71

R, nm 3.5 6.4 7.0
£(Rp), nm 33.0 22.7 21.2

failure of the scaling model for stars with fewer than 30
arms;10 in particular, for small numbers of arms there is
a crossover between (R,2) scaling as Nf forf = 1, 2to Nf/2
for many arms. When there are too few chains in a mi-
celle, the arms in the corona are not stretched into the
string of blobs supposed in the star model. In fact, the
outer region of a micelle having fewer than 20 arms may
not even be at semidilute conditions. We can characterize
the applicability of the starlike micelle model by evaluating
the blob size at the micelle boundary, {§(Ry). This blob
size can be compared to the size of the polystyrene arm
if it were detached and existed as a Gaussian coil, £y =
a,N.1/2=29nm. Weseein Table IIIthat only thesaturated
micelles have outer blob dimensions smaller than the un-
perturbed arm dimensions. The blob size on the outside
of a micelle begins to exceed the polymer coil size when
there are 30 chains/micelle, the same point where the
scaling behavior begins to deviate from simulation results.10

The micelles with low water content and an aggregation
number of 17 show R;/Ry, = 0.80, a ratio consistent with
similar star molecules at O conditions shown in Figure 6;
18-arm stars have R;/Ry, = 0.85, while with 12-arm stars,
Rg/Ry = 0.89.1452 This can be contrasted with Ry/Ry, =
1.24 calculated from renormalization group theory for a
nondraining Gaussian chain.5® Burchard and co-workers
have predicted values of Rg/Ry for several polymer
architectures, ranging from 1.50 for unperturbed linear
chains to 1.08 for unperturbed stars with many arms.5
Although their predictions qualitatively display the de-
creasing Rg/ Ry with arm number seen experimentally with
micelles and stars of relatively few arms, the values are
substantially overpredicted. Nevertheless, the fact that
Rg/Ry, increases with decreasing number of arms suggests
that the micelles having fewer chains will approach single-
chain behavior, and only above a threshold aggregation
number can one expect star behavior.

The ratio of the radius of gyration to the micelle radius
from the starlike micelle model is approximately 0.71,
increasing slightly as more chains are added to the mi-
celle. A star molecule having no core has a ratio of R to
Ry equal to (1 + 2»)71/2, or 0.707 in 6 conditions. Thus,
due to its small core, our starlike micelle is very similar
to a true star. Experimentally, we find the saturated mi-
celles of 77 chains to have a radius of gyration to
hydrodynamic radius of 0.70, very close to our model
predictions if we assume nondraining coronae, as shown
inTableIIl. Atlower concentrations the micelles contain
approximately 100 chains and exhibit larger Rg/ Ry, = 0.75,
avalue between a solid sphere [=0.775] and a nondraining
star.

One would expect R;/ Ry, to be less than the hard-sphere
value for compact particles with radially decreasing
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Figure 6. Variations in ratios of radius of gyration over
hydrodynamic radius as a function of aggregation number, where
(A) are values from this study and (®) are values for polystyrene
star molecules at © conditions (data taken from refs 14 and 52).
Comparisons are made with limiting values for a linear chain at
O conditions and a homogeneous sphere. Comparisons with star-
like micelle model approximates Ry, as Rp,.

segment densities. Ratios aslow as 0.6 have been observed
for heterogeneously swollen microgels.’® In the case of
block copolymer micelles, the starlike micelle model
provides a convincing explanation for a minimum in the
variation of the Rg/ Ry, as a function of aggregation number.

Conclusions

We have shown light-scattering measurements revealing
that poly(ethylene oxide)/polystyrene block copolymers
in cyclopentane undergo remarkable increases in aggre-
gation number upon saturation with water, from 17 to 77
chains per micelle. This micellar molecular weight increase
is accompanied by an increase in the hydrodynamic and
gyration radii. We find that solutions having relatively
low water content have appreciable single chains present
and require careful interpretation of light-scattering data.
Micellar solutions saturated with water have insignificant
concentrations of single chains and can be diluted at
constant water activity. The concentration dependence
in these water-saturated micelles reflects soft-sphere
interaction in both the second virial coefficient and the
concentration dependence of the diffusion coefficient. At
very low concentrations, saturated micelles enlarge upon
dilution; estimates of the aggregation number for a solution
typical of this regime indicate 100 chains/micelle.

We interpret our scattering results in the context of a
starlike micelle model. These structures comprise a solid
core of insoluble blocks plus dispersed solvent surrounded
by a corona exhibiting the concentration profile expected
for star-shaped polymers. We find from our results that
the starlike micelle describes the radius of gyration and
hydrodynamic radius of our micelles quite well. This
model only begins to fail as the aggregation number
becomes small. We expect the starlike micelle model to
be valid for aggregation numbers exceeding 30; below this
aggregation number, the chains are no longer in a semi-
dilute micelle. We also present the ratio of gyration to
hydrodynamicradius and find behavior spanning a region
between Gaussian chain behavior and hard spheres.
Analysis of such a ratio provides an additional means to
interpret micellar structure.
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