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Copolymers BoEaso, B2oEsio, and BEs10 (B = oxybutylene repeat unit, & oxyethylene repeat unit, subscripts
indicate chain length in repeat units) were synthesized and characterized by gel permeation chromatography
(for distribution width) and*C NMR spectroscopy (for absolute molar mass and composition). Dynamic and
static light scattering were used to determine micellar properties in dilute agueous solution: e.g., micelle
association numbers and radii. A tube-inversion method was used to define the-nnwinilebile (hard gel)

phase boundary. For copolymesiBs1o immobile gels form at concentrations as low as 2.9 wt %. Rheological
measurements of dynamic modulus and yield stress served to characterize the gel properties and to confirm
the phase boundaries. The results are combined with those from previous work on related block copolymers
to obtain scaling relationships for the dependence of micellar and gel properties on E-block length, thus
enabling prediction of the requirements for and properties of very dilute aqueous gels. The validity of treating
the micelles as hard spheres is discussed.

1. Introduction fluids having yield stress and dynamic storage modu@&ikif
excess of loss modulu&(). We use the terms “hard” and “soft”
gel in the manner introduced by Hvidt and co-workéts he
resent work is an extension to copolymers with yet longer E

Block copolyethers in dilute aqueous solution readily form
micelles, and their concentrated micellar solutions form liquid- 0
crystal mesophases (gels) comprising packed micelles. From X . !
ph{/sicochem[i)cal vievv(goint), the pproper%eps of both are of interest.%locksl the aim being to define the E-block length necessary to
An account of work on micellar solutions of copolymers of OPt&in a cubic-packed hard gel at yet lower concentrations, e.g.,
ethylene oxide (EO) and 1,2-butylene oxide (BO) has been 2 wt %. Becau;e it was difficult to mix efficiently a small
published recently,and reviews summarize related work on Volume of BO with a large volume of viscous poly(oxyethylene)
triblock copolymers of ethylene oxide and propylene ode.  (Mn =20 000-30 000 g motf?), it was convenient to reverse
A recent papérdraws together a considerable body of work the sequence of anionic polymerization to BO followed by EO.
on gels of diblock BB, block copolymers. We use the notation We denote the copolymers so produced &&.8o signify this
E = oxyethylene, OCKCH,, and B= oxybutylene, OCHCH- change. The series was based o, Band the copolymers
(C2Hs), with m and n denoting block lengths in repeat units. ~ Prepared were BEsso, B2oEsi0, and BuEsio

A recent interest in our laboratory has been the formation
and properties of gels of diblockB, copolymers with long E 2. Experimental Section
blocks#~% Copolymers with B blocks in the range= 17—-19
and E blocks in the rangm = 96—398 were prepared and 2.1. Copolymers.The diblock copolymers were prepared by
shown to form gels, i.e., spherical micelles packed into cubic sequential anionic polymerization of 1,2-butylene oxide followed
structures at concentrations as low as 3.5 wt % in the case ofby ethylene oxide. The general methods used for their prepara-
copolymer BegB1o. These copolymers are referred to hereafter tion and characterization have been described previdd8ihe
as the Bg series. Outside the hard gel region, the micellar monofunctional initiator was 2-butanol activated by reaction
solutions of the copolymers exhibited a rich rheological with potassium metal (mole ratio OH/K 10). Vacuum line
behavior, with well-defined regions of soft gel, i.e., Bingham and ampule techniques were used. At the completion of the first
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TABLE 1: Molecular Characteristics of the Copolymers?
wt % E My/10° g molt M,/M, wt % poly(E) M,/10°

K*c/(l — 1) = 1/M,, + 2Ac + ...

copolymer (NMR) ~ (NMR) ~ (GPC) ~ (GPC)  gmol™ wherel is intensity of light scattering from solution relative to
BaoEszo  92.9 20.4 1.06 6 21.6 that from benzenels is the corresponding quantity for the
BaoFsio  94.0 23.9 1.06 8 253 solvent,c is the concentration (in g dmd), M, is the mass-
B2oEs10 94.9 28.3 1.09 6 30.8

average molar mass of the solutk; is the second virial
coefficient (higher coefficients being neglected in eq 2), and
K* is the appropriate optical constant. Values of the specific
refractive index incrementddc, its temperature increment, and
other quantities necessary for the calculations, have been given
stage, the poly(oxybutylene) precursor was divided between four previously®121n fact, values of d/dc are very similar for poly-
ampules and dried under vacuum before EO was added. (oxyethylene) and poly(oxybutylene), making/dc insensitive
Characterization of the four copolymers by gel permeation to the exact composition of the copolymers, and making
chromatography, GPC, calibrated with poly(oxyethylene) stan- correction for refractive index difference within the copolymer
dards, indicated narrow chain length distributions for the unnecessary.
copolymers, i.e My/Mp < 1.10, whereM,, andM, are the mass- 2.3. Rheometry.The rheological properties of the samples
average and number-average molar masses, respectively, plugrere determined using a Bohlin CS50 rheometer with water-
small shoulders on the low elution volume side attributable to bath temperature control. Couette geometry (bob, 24.5 mm
6-8 wt % poly(oxyethylene) accidentally initiated in the second diameter, 27 mm height; cup, 26.5 mm diameter, 29 mm height)
stage of the polymerization by moisture. Absolute valuelslpf was used for all the samples, with 2.5¢sample being added
of the precursor poly(oxybutylene) and the final copolymers to the cup in the mobile state. A solvent trap maintained a water-
were obtained by*C NMR spectroscopy by comparison of saturated atmosphere around the cell, and evaporation was not
integrals of resonances from the carbons of end groups, junctionsignificant for the temperatures and time scales investigated.
groups and backbone groups, based on the assignments of Storage and loss moduli were recorded across the temperature
Heatley et al! The spectra also served to confirm the diblock range with the instrument in oscillatory-shear mode, usually at
structure and the presence of the poly(oxyethylene) impurity. a frequency of 1 Hz, but for certain systems across the range
Relevant molecular characteristics are listed in Table 1, where0.1-10 Hz. In this mode, the samples were heated at 1 deg
the formulas are for the copolymer, i.e., corrected for the

a Estimated uncertainties: twbo E to £0.05; M, and block lengths
to £3%, Mw/M, to £0.02, M,, to £5%. M,, calculated fromM, and
Muw/Mp.

impurity.
2.2. Light Scattering. Solution clarification and static and

min~1 in the range 592 °C. For all measurements the strain
amplitude was low €0.5%, linear viscoelastic region), thus
ensuring thaG' andG"" were independent of strain.

dynamic light scattering measurements were carried out as Measurements of yield stress and viscosity were made at

described previousl§12 Static light scattering (SLS) intensities

selected temperatures with the instrument in steady-shear mode.

were measured by means of a Brookhaven Bl 200S instrumentThe instrument was programmed to increase the shear stress in

using vertically polarized incident light of wavelength~ 488
nm supplied by an argon-ion laser (Coherent Innova 90)

a series of logarithmically spaced steps, allowing a maximum
of 1 min to equilibrate at each step. Usually, a period of 30

operated at 500 mW or less. The intensity scale was calibratedmin was allowed for temperature equilibration before starting
against benzene. Dynamic light scattering (DLS) measurementsthe program at any given temperature.

were made under similar conditions, using a Brookhaven BI
9000 AT digital correlator to acquire data. Experiment duration
was in the range-520 min, and each experiment was repeated
two or more times. In both methods, scattered light intensity
was usually measured at an an@le 90° to the incident beam.
The correlation functions from dynamic light scattering (DLS)
were analyzed by the constrained regularized CONTIN méthod
to obtain distributions of decay ratds)( and hence distributions
of apparent mutual diffusion coefficienDapp = T/¢?, q =
(4nn/A) sin@/2), n is the refractive index of the solvent, and
ultimately of apparent hydrodynamic radius {,, radius of the
hydrodynamically equivalent hard sphere correspondiri2sgg
via the StokesEinstein equation

Mhapp= KT/(67217D,p) Q)
wherek is the Boltzmann constant amdis the viscosity of the
solvent at temperatur® In practice, intensitie§I") delivered

by the CONTIN program at logarithmically spaced values of
decay rate were transformed tfog I') = I(I')I" to obtain
intensity distributions of lod(), and so of 109, app. Normaliza-
tion of I(log rhapy gave the intensity fraction distributions
presented in section 3.1. Average value$ pflelivered by the
CONTIN program by integration over the intensity distributions,
were similarly converted to intensity-average valuesQbp.
The basis for analysis of static light scattering (SLS) was the
Debye equation

In related tube-inversion experiments, samples (0.5 g) were
enclosed in small tubes (internal diameter ca. 10 mm) and
observed while slowly heating (or cooling) the tube in a water
bath, usually within the range-670 °C. The change from a
mobile to an immobile system (or vice versa) was determined
by inverting the tube. The heating/cooling rate was normally
0.5°C min~%; experiments using a slower heating rate (0.15
°C min~1) gave transition temperatures that differed by less than
—1 °C. This simple method of detecting gelation, which is
sensitive to the yield stress of the gel, has been shown to define
the same hard gel phase boundary as rheorfiéfry.

3. Micelle Properties by Light Scattering

Solutions of the copolymers did not cloud over the concentra-
tion and temperature ranges investigated=(16 wt %, T =
90 °C).

Considering the known effect of B-block length on the critical
micelle concentrations of oxyethylene/oxybutylene diblock
copolymers.® it was expected that all threexf, copolymers
would be completely micellized at room temperature and above.
The results obtained for their dilute solutions using dynamic
and static light scattering confirmed this, as described below.

3.1. Hydrodynamic Radius.Intensity fraction distributions
of apparent hydrodynamic radius [logg,p] were obtained by
DLS for copolymer solutions at 20, 30, and 4C and at
concentrations up to 12 g dri The distributions obtained for
1 g dnT3 solutions of the three copolymers at 20 are shown
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Figure 1. Dynamic light scattering. Intensity fraction distributions of
the logarithm of apparent hydrodynamic radius fog dn12 aqueous
solutions of BoEn copolymers at 20C, as indicated.

in Figure 1. The single narrow peaks with maxima in the range
I'h,app™ 23—28 nm indicate micelles formed by closed associa-
tion. The intensity fraction distributions found at higher
concentrations were displaced to lower values ofriggy) but
were otherwise similar to those shown in Figure 1.

In Figure 2 the reciprocal of the intensity average fypis

plotted against copolymer concentration for the three copoly-

mers. Through eq 1, fi{appis related tdappbut is compensated

Kelarakis et al.
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Figure 2. Dynamic light scattering. Concentration dependence of the

reciprocal of apparent hydrodynamic radius for aqueous solutions of
B2oEm copolymers, as indicated. For each copolymer results are plotted
for solutions at 20, 30 and 4TC.

TABLE 2: Micellar Characteristics from Light Scattering:
B2oEm Copolymers in Water?

Mu/10°
copolymer T/°C  ry/nm g mol? N Ot rdnm
B2oEazo 20 25.2 135 63 194 21.0
30 24.9 155 72 187 21.8
40 24.5 17.4 81 17.8 22.4
B2oEs10 20 27.8 14.3 57 230 22.7
30 28.0 16.8 66 225 23.8
40 28.3 18.4 73 214 24.2
B2oEs10 20 30.2 14.6 47 257 23.7
30 30.0 16.8 55 250 247
40 29.5 19.1 62 233 25.2

arp (hydrodynamic radius) and (thermodynamic radius), both to
+5%; My (mass-average molar mass of micelleld), (association
number of micelles), and; (thermodynamic expansion factor relative
to anhydrous volume), all te-10%.

for change in temperature and viscosity. Complication is avoided estimated as 0.77f (i.e., as if the micelles were uniform

in Figure 2 by fitting a single line to all the data points for a

spheres) are in the range-123 nm based on the values f

given copolymer irrespective of temperature. Linear extrapola- listed in Table 2, and a small effect from intraparticle interfer-
tion of the individual data sets to zero concentration gave the ence is to be expected at the high end of this range. However,

values ofry, listed in Table 2 (where, implies the inverse of
the intensity average of ). The positive slope of 1y sppas a
function of ¢ is consistent with spherical micelles effectively

from published tablé§ the maximum effect for the largest
micelles is to increashl,, by 4%. Given the likely error from
other sources, this correction was ignored.

interacting as hard spheres. This point is discussed in section Equation 2 truncated to the second term could not be used in

5.2.

The temperature dependencerpfs small, within the error
of determination. It has been known for some time that the
hydrodynamic radii of micelles of block copoly(oxyalkylene)s
in aqueous solution are insensitive to change in temperature.
The effect, first noted for FP.Em copolymers'? is attributable

the present experiments because micellar interaction caused
significant curvature of the Debye plot even in the low
concentration range. This feature is illustrated in Figure 3,
in which the reciprocal of the apparent association number,
1/MNapp= Mw,moK"c/(I — 1), is plotted against concentration for
the three copolymers in solution at 2G. This particular plot

to compensation between an increase in association number ofs preferred for illustrative purposes as the three curves overlap
the micelle and a decrease in swelling of the micelle fringe as in the usual Debye plot oK*c/(I — |s) versusc. Rather than

temperature is increased.
3.2. Association Number and Thermodynamic Radius.

accommodate the curvature by use of a virial expansion, so
introducing a number of adjustable coefficients, we have fitted

SLS experiments were performed on copolymer solutions at thethe data with curves based on PerkiYevick scattering theory
temperatures and concentrations described for the DLS experi-for hard spheres that uses the Carnattarling approximation
ments. Debye plots, see eq 2 of section 2.2, were used to analyzes proposed by Vri}? see Figure 3. The validity of treating the

the data. Used for scattering at’9€he equation assumes small
particles relative to the wavelength of the light. Radii of gyration

micelles as hard spheres is discussed in section 5.2. The
procedure is equivalent to using the virial expansion for the
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reciprocal of apparent association number for aqueous solutions of l€mperatures=£2 °C.

BaoEm copolymers at 20C, as indicated. TABLE 3: Predicted and Observed Values of the Critical
Gel Concentration: Micellar Solutions of B,oEr, Copolymers

structure factor for hard spheres taken to its seventh term butat 40 °C

requires only two adjustable parameteid,, and a new cgc/wt % at 40°C

parameterdy, related to the volume excluded by one micelle to copolymer cHwt % predicted observed

another, i.e., to the volume fraction occupied by the micelles BoEs 38 12 20

acting as effective hard spheres. Specificadlyjs a thermo- Biﬁa-jﬁ 33 35 36

dynamic expansion parameter defined by wheyeis the BaoEs1o 29 3.2 3.3
0= vfv, 3)

In micellar systems of this type, gelation at any temperature
thermodynamic volume (that is one-eighth of the excluded can be understood in terms of solvent-swollen spherical micelles
volume for a micelle acting as an effective hard sphere).and filling space as effective hard sphefés’8122924 The important

is the anhydrous volume of the micelle, i.e., parameter is the volume fraction of effective hard spheres. As
discussed in section 3.2, the effective size of micelles acting as
va= M, /Npp, (4) hard spheres can be derived from the concentration dependence

of the intensity of scattered light as the thermodynamic volume
whereN, is Avogadro’s constant angk, is the density of the 3, which relates to the volume excluded by one micelle to
copolymers calculated assuming mass additivity of specific another. The same quantity is available from other scattering
volumes from published values for the component homopoly- techniques, e.g., small-angle neutron scattéfiiigs convenient
mers!8 Details of the procedure have been described many timestg yse the parametek, and write the volume fraction as
previously: see, for example, refs 5, 12, and 19.

Results obtained for the three copolymers at three tempera- ¢ = co/100Q,, (6)
tures are listed in Table 2, together with association numbers
of the micelles calculated from wherec is the copolymer concentration in g dfandp, is the

density of anhydrous liquid copolymer as defined in section

Ny = My mid My mol (5) 3.2. In the particular case of a body-centered cubic (bcc)

structure, the critical volume fraction for gelationgis= 0.68,
using the values ofw,moi listed in Table 1. Also listed is the  and the critical concentration for hard gel formation (cgc in
thermodynamic radiug{) calculated fronM,, ando; via eqs 3 g dnr3d) is
and 4.

—3\ __

4. Gelation and Gel Properties cgel(g dm”) = 680040, )

4.1. Phase Diagrams by Tube InversioriMobile—immaobile Considering solutions at 4, use of eq 7 leads to the predicted
boundaries determined by tube inversion (under the conditionsvalues for the cgc (in wt %) that are compared with observed
described in section 2.3) are shown in Figure 4. In keeping with values (interpolated from Figure 4) in Table 3. Prediction and
previous work on related copolymers, and the reports of Hvidt ~ experiment are in good agreement.
and co-workerg2the immobile gels are referred to as hard gels.  4.2. Temperature Dependence of Modulus4.2.1. Hard
Depending on E-block length, the minimum concentration for Gels. As the micellar properties of the present copolymers
hard gel formationd*) was in the range 2:93.8 wt %, with closely mirrored those reported earlier for thggBseries,
solutions of copolymer BEs10 gelling at the lowest concentra-  attention was directed toward the very dilute hard gels formed
tions: see Table 3. from copolymer BoEgip The effect of concentration and
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Figure 6. Hard gel phase boundary for aqueous solutions of copolymer
B2oEs10 determined either®) by tube inversion or®) by rheometry.
Uncertainty in transition temperatures:2 °C.

temperature on the storage modulus measured at freqfiency

and loss modulus for 3.0 wt % aqueous solutions of copolyrgtsi
at T = 20 °C. Filled symbols denotez' and unfilled symbols
denoteG".

a long relaxation timé? Dilute hard gels of the other copolymers
behaved similarly when tested in this way.

4.2.2. Soft GelsExamples of plots of log(modulus) against
temperaturef(= 1 Hz) for BygEs10Solutions are shown in Figure
8. It is seen that the phase transition at high temperature (but
not at low, see Figure 8a) is to a fluid witd > G". As noted
in the Introduction, it is convenient to label this fact by calling
such mobile fluids soft gels, in contrast to the sols for which
G'>G.

Examples of plots of log(modulus) against temperatfire (
1 Hz) for ByoEs1p Solutions below the limiting concentration
for hard gel formation are shown in Figure 9. The temperature
at whichG' obviously exceed&' was taken as the lower limit
of the soft gel region of the phase diagram under the conditions
used. In contrast to the hard gel phase boundary, the temperature
of the sol/soft gel boundary decreased on increasing the
frequency, much as described previously for micellar solutions
of copolymers of the B series? e.g., by some 20C for the
2.5 wt % solution of copolymer BEgsio on changing the
frequency from 1 to 10 Hz.

A further complication in investigating the soft gels was the
time dependence of their properties after loading, i.e., after they
had been subject to severe flow. This feature is illustrated in

1 Hz is shown in Figure 5. The temperature at which the storage Figure 10 fo a 3 wt % solution of copolymer BEsio in its

modulus fell steeply to a low value, arbitrarily defined@isx~

soft-gel phase at 30C. The storage modulus measured at

200 Pa, was used to define the phase boundary. Other realisticl Hz (see Figure 10a) increased with time fr@h~ 1 Pa

choices ofG' did not change the temperature by more thgh

measured 2 min after loading @ ~ 15 Pa after 68 min, while

°C. As seen in Figure 6, the phase boundary defined in this the loss modulus remained roughly constant. The frequency
way corresponds closely to that defined by tube inversion. In dependence of storage modulus changed with time after loading
similar experiments carried out at 10 Hz, the hard gel phase (see Figure 10b) from that characteristic of a liquid with a short
boundary was unaffected. relaxation time (2 min) to that characteristic of a gel with long
The maximum storage modulus reached by the most dilute relaxation time (68 min). In making the routine measurements
hard gel (3 wt %) was only 440 Pa (2T, see Figure 5). described in this paper, about 30 minutes was allowed for
Nevertheless, the gel remained immobile when held inverted equilibration before measurement
in the tube, indicating a significant yield stress (see section 4.3). The sol/soft-gel boundaried & 1 Hz) found for dilute
However, when subjected to gentle shaking, the gel flowed. A solutions of copolymer BEs10, and for similarly dilute solutions
frequency scan for this most dilute solution from 0.1 to 30 Hz of copolymers BoE430and BoEsi0, are shown in the combined
(see Figure 7) showed th& was only weakly dependent on  phase diagram in Figure 11. The straight lines, which highlight
frequency at low values and reached a plateau value at 1 Hz,the sol/soft gel boundaries, are arbitrarily drawn to meet the
while G" fell slightly as the frequency was increased, i.e., hard gel boundaries; the actual behavior at low temperature may
behavior somewhat similar to that of a Maxwell element with well be more complex than that depicted. As would be expected,
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modulus for aqueous solutions of copolymerio at the concentra- Figure 9. Temperature dependence of logarithmic storage and loss
tions (wt %) indicated. Frequency 1 Hz. Filled symbols denot&’ modulus for aqueous solutions of copolymepo at the concentra-
and unfilled symbols denot€". tions (wt %) indicated. Frequency 1 Hz. Filled symbols denot&’
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the form of this diagram resembles closely that found for dilute a low yield stress of 6 Pa. The 5 wt % solution (see Figure
solutions of the related copolymers of thgsBeries (see Figure  12b) was a stable hard gel at all temperatures belofd5%nd
9 of ref 6). A similar phase diagram has also been reported for the yield stresses at 5, 25, andSwere correspondingly high,
aqueous solutions of a diblock copolymer of ethylene oxide and in the region of 100 Pa. At 68C, which is at the boundary
styrene oxide, §Fs0.%° between the hard and soft gel (see Figure 5), the yield stress is
4.3. Yield Stress.Examples of the effect of a programmed 5 Pa, characteristic of a soft gel. Other solutions gave similar
increase in shear stress on micellar solutions of the copolymersresults: see Table 4. More dilute solutions (3.5 wt %30
are shown in Figure 12 for 3 and 5 wt % solutions B0 and 2 wt % BoEs10) had yield stresses below 2 Pa in their soft
As indicated in Figure 5, the 3 wt % solution is a sol at low gel regions. Parallel to the behavior of the storage modulus,
temperature, a hard gel in the intervaHZ5 °C, and a soft gel and as noted for the soft gels of thegBeries of copolymer,
above 30°C. Figure 12a shows that the sol af6 had zero the yield stresses of the soft gels of the present copolymers were
yield stress, the hard gel at 2C€ had a yield stress of 12 Pa reduced to very low values by shearing but recovered after
(sufficient to render it immobile in the tube-inversion test storage fo 1 h or more. Given the low levels of yield stress
provided that it was not shaken), and the soft gel at@Hhad (<2 Pa) found for the dilute gels, and also their shear and time
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loss modulus measured at frequency 1 Hz. Filled symbols deBote

and unfilled symbols denot®". (b) Frequency dependence of storage TABLE 4: Yield Stresses @y/Pa) of Aqueous Solutions of
modulus immediately after flow (2 min) and after waiting for 68 min.  B2oEn, Block Copolymers

T T T T T T T BadFowo B2oE430
] T/°C 3wt % 5wt % 10 wt % 4wt %
80F 5 0 116 3408 22
15 8 37
i 20 12
25 8 136 22¢ 29
60 - 35 7 10
@ i 45 6 8¢ 22¢ 2
S 65 5 120 2
85 7 5 3
~ 40 =
B~
i 2 Denotes immobile gel in the tube-inversion tédtlot investigated
| by tube inversion.
20
- 5. Effect of E Block Length: Comparison of Present and
ok Previous Results
—L— L 5.1. Micelle Association Number and RadiusFrom Table
0 2 4 6 8 o o L
| Wt% 2, it is apparent that values of the radii increase with increase
¢/ wWtio in E-block length while values of the micelle association number
Figure 11. Phase diagram for aqueous solutions bR block decrease. This is illustrated in the telpg plots of Figure 13,
copolymers showing sol, soft gel, and hard gel regions, as indicated. \yhere the present results for thegB, copolymers in solution
The data points are for soft gels @) BzoEazo, (O) BzoEsio and @) at 40°C are compared with those obtained previobisigder

B,oEs10 The data points omitted from the hard gel boundaries can be

seen in Figure 4. the same conditions for the fourB,, block copolymers of the

Big series. The straight lines in Figure 13, which are drawn
dependence, it was impossible to distinguish soft gel from sol through the combined data points for both series, emphasize
on the basis of yield stress alone. However, as demonstrated inthe agreement between the data sets. The apparent insensitivity
section 4.2.2, the criterio® > G held. of micellar properties to B-block length is unexpected in view



Copolymers of 1,2-Butylene Oxide and Ethylene Oxide J. Phys. Chem. B, Vol. 105, No. 31, 2002391

24 T T T T T I T T
i (@) 1.00F {1.50
. 221 = - =
z | u ] = 7 1 ™A
2 Ny =
N’
20 ] 0.50 41.00
OD - -
2 n I ]
1.8F 1
i A 0.00 - -0.50
1 6 | 1 | 1
1 | 1 |
1.5 400 500 600
| 1 m
Figure 14. Dependence on E-block lengtm,(B2cEn copolymers) of
14} - the ratio of micelle thermodynamic and hydrodynamic radlii (| left-
) hand axis, unfilled symbols) and of the diffusion virial coefficig@(§),
~ L - right-hand axis, filled symbols). The data points are for @) 20 °C,
e (O, m) 30°C, and ¢, @) 40 °C.
"y 1.3F -
2 L 4 present systems), place the exponentroih the range 0.5
0.8. Of the two radii measured in the present work, the
1.2F ] hydrodynamic radius is most closely related to those considered
i ] by theory, but the exponent obtained from the combined plot
in Figure 13b , ~ mP-37:0.04) Jies outside the range of predicted
1.1 L 1 L L values. This value, and the corresponding exponent for the
2.0 25 3.0 thermodynamic radiusr( ~ mP-280.03 " gre similar to values
log (m) reported previously for related block copolyméts.
10 5.2. ByoEm Micelles as Hard Spheres. A combination of

Figure 13. (a) log—log plot of mass-average association number versus dynamic and static light scattering enables investigation of the
E-block length for micelles of @) BxEn and @) EnBis block validity of considering the micelles as hard spheres. One
copolymers in aqueous solution at #0. (b) log-log plots of micelle  anpr0ach is to compare directly the values of the effective hard-
radius versus E-block length for micelles of the same block copolymers. sphere radii arisina from the two methods. as the radfi
Filled symbols denote the thermodynamic radiag &nd unfilled p . 9 ’ &G,
symbols the hydrodynamic radiug, should be unity for a cor_npletely_hgrd sphere_. As reviewed by
Selser? this parameter is used in investigating the nature of
o ) ) o the coit-coil interaction of polymers in solution. Values of the
of the many results indicating otherwiseRossibly, it is @ yati0 are plotted against E-block length in Figure 14 and are
consequence of the_d|fference in the order of po!ymerlzatlon seen to be below unity, especially for the copolymer with the
(BE versus EB), .WhICh. means that the B blocks in thE@ longest E blocks, which is consistent with the most expanded
copolymers terminate in methyl groups whereas those in the corona giving the softest interaction potential. We have shown
EmBn copolymers terminate in hydroxyl groups. This possibility previously that micelles of comparable copolymers with sig-

will be investigated in the near future. nificantly shorter E blocks have/ry, closer to unity, e.g., 0.93
In Elgure 13a, the slope of the best straight line through the g4, EosB1s in aqueous solution at 2@ * As the temperature is
combined points corresponds to raised, the solvent becomes poorer, resulting in an increase in
0.55:0.07 micellar a_ssociation_ ngmber (Tablt_e 2). This counteracts the
Ny~ m === expected increase in interpenetration of the E blocks in the

corona of the micelle (i.e., a softening of the interaction
which is in agreement with the exponent0.51 derived potential), and the overall effect is an increasge/m: see Figure
theoretically for EP, diblock copolymers by Nagarajan and 14. This complication is, of course, peculiar to associating
GanesH’ This is an equilibrium treatment based on the Flery ~ systems.
Huggins model in which the water/polymer interactions are  In a related approach, applied to micelles by Konak etal.,
introduced via known values of parameteifor water/poly- the second diffusion virial coefficienkg) obtained from a plot
(oxyethylene) and water/poly(oxypropylene). The scaling ex- of the apparent diffusion coefficient agaircsti.e.
ponent ofm~951is system specific but depends essentially on

the fact that water at low temperatures is a good solvent for Dapp= D(1 + kpC)
poly(oxyethylene). Accordingly, one might reasonably expect
similar behavior for the two systems B, and E.B,, which is expressed in volume fraction units as
both have poly(oxyethylene) coronal blocks.

As reviewed by Hamley® and discussed previously in Ko(¢) = kplv = kym, /o,

relation to related copolymetg? theoretically derived scaling
laws for micelle radius of gyration (or the micelle corona where v is the partial specific volume anch, and v, are
thickness, which is a large part of the micelle radius in the respectively the average mass,(= My/Na) and hydrodynamic
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Figure 15. (a) log—log plot of the concentration of gel formation versus
E-block length for micellar solutions o, O) B2oEr and @, O) ExBis
block copolymers in aqueous solution. Filled symbols denote the
minimum concentration for hard gel formatioct); unfilled symbols
denote the concentration for soft gel formation af60and 1 Hz ¢**).

(b) log—log plots of storage modulus versus E-block length for micellar

Kelarakis et al.

hard gel would require synthesis (within the present series) of
a micellizable BgE;300 cOpolymer.

The storage modulus of the hard gel can be similarly related
to E-block length. In this case consideration has to be given to
the choice of gel concentration at whi€¥ is measured. As
demonstrated previousfgoncentrations equivalently displaced
from c* are satisfactory for this purpose, and the modulus
considered here is the maximum value measured for a solution
of concentratiorc ~ c¢* + 1 wt % during a temperature sweep
atf = 1 Hz: see, for example, Figure 6,= 4 wt %. The
resulting log-log plot of G' against E-block length, shown in
Figure 15b, leads to

~ ppy152£0.09

Gl
and to the prediction thia 3 wt %aqueous gel of copolymer
B2oE1300 Would have a storage modulus of ca. 200 Pa, and a
correspondingly low yield stress. Probably this gel would flow
in the tube-inversion test used in this work and a more sensitive
tube test, for example, that described by Hvidt et ahight be
required to define its phase boundary. However, the important
characteristics of the hard gel phase should be retained, certainly
the ordered cubic packing and probably the frequency-
independent storage modulus.

Considering the soft gels, there is no obvious concentration
on which to base a plot parallel ©f for the hard gels. The
concentration at the sol/soft-gel boundag/*J depends on
choice of temperature and frequency. The formation of soft gels
of this type has been ascribed to a percolation mechanism
whereby structures of weakly interacting spherical micelles form
in the system. The transition from sol to soft gel is assumed to
occur when micellar aggregates reach a percolation threshold
yielding sufficient structure to cause an increase in modulus
and, at a suitable frequency, the dynamic storage modulus to
exceed the loss modul§g%3132As noted previously,it will
be necessary to understand the frequency dependence of the
sol/soft-gel transition and to confirm the presence of fractal

solutions of the same block copolymers. The storage modulus plotted micellar aggregates. For the present, it is noted that & llog

is the maximum value measured for a solution of concentratien
c* + 1 wt % during a temperature sweepfat 1 Hz.

volume [pn = (47/3)r%] of the micelles. As can be inferred
from Figure 2, values okp are readily obtained from linear
fits of Dapdc). Values ofkp(¢) derived by making use of the
micellar properties in Table 2 are plotted against E-block length
in Figure 14. Because the two parameters are closely related,
the dependences &hH(¢) on E-block length and temperature
follow those ofr/ry,. A realistic criterion for approximate hard
sphere behavior, matchimgr, — 1, iskp(¢) > 2. On the other

plot of c** measured at 50C and 1 Hz (see Figure 14a) gives
a straight line conforming to the relatiari* ~ m~0.670.07,

6. Concluding Remarks

The dependence of the micellar properties (i.e., association
number and radius) of E/B diblock copolymers on E-block
length has been investigated for copolymers with E-block
lengths up to B The behavior is as expected, i.e., related to
that of their analogues with shorter chain lengths. The same is
true of gelation concentration and gel properties (e.g., modulus),
which is a direct consequence of the fact that these properties

hand, the soft sphere behavior of polymer coils in poor solvents depend on micelle properties. The scaling relations obtained

is characterized by/r, — 0 (approaching the theta condition)
andkp(¢) = —2. Taking these results into account, the micelles

of the ByoErm copolymers may be considered as moderately hard,

allow secure prediction of the synthetic requirements for the
preparation of extremely dilute aqueous packed gels: for
example, formation foa 2 wt % aqueous gel will require

making it reasonable to treat them as hard spheres in the analysigynthesis of a micellizable E/B copolymer with an E-block

of static light scattering data.
5.3. Gel Formation and Storage Modulus.The log-log

plot in Figure 15a shows the dependence on E-block length of

the minimum concentration for hard gel formatiart)(for the
copolymers of the B and Bg series. The combined data
scale as

o+~ 0-46£0.05

allowing the prediction that formationf@ 2 wt % aqueous

length of ca. 1300 chain units. Parallel scaling relationships
enable prediction of gel properties.
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