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ABSTRACT: The interfacial tensiop between polyisoprene (PI) and polydimethylsiloxane (PDMS) homopoly-
mers mixed with poly(isoprene-dimethylsiloxane) (IDMS) diblock copolymers has been measured with a spinning
drop tensiometer. Measurements have been conducted for mixtures containing each of 12 copolymers, in which
the PDMS volume fractioffipys varies from 0.49 to 0.73, and for mixtures containing a symmetric copolymer
and Pl homopolymers of varying molecular weight. The measured interfacial tension is found to be independent
of copolymer concentration above an apparent critical concentration of order 0.1 wt % copolymer. Mixtures with
a nearly symmetric copolymer are found to exhibit ultralow interfacial tensions, up to 3 orders of magnitude less
than that of the bare PI/PDMS interface. Results are compared to the predictions of a numerical self-consistent
field theory for the interfacial tension of an interface between a PDMS phase containing swollen spherical micelles
and a phase of nearly pure Pl. Agreement between theory and experiment is excellent for sufficiently asymmetric
copolymers, withfpys > 0.63. Measured values ¢fare significantly lower than predictions for 05 fpys <

0.6, however, and depend very sensitively ufigi over a narrow range 0.69 fpus < 0.63. Kinetic limitations

that may be relevant to these experiments are also analyzed and discussed.

1. Introduction analogous to that of small molecule surfactant in—eiater
mixtures. Bicontinuous microemulsions have been observed in
ternary polymer mixtures, both in symmetric A/B/AB mixtufe§,

and in A/B/AC mixtures in which the AC copolymer and
temperature have been chosen so as to obtain a balanced

When small amounts of surfactant are added to a mixture of
oil and water, the ottwater interfacial tension initially decreases
with increasing concentration of dissolved surfactant, while the
amount of adsorbed surfactant increases. Both the interfacialg - - 1010The observation of a bicontinuous phase indirectly

tension and the interfacial coverage generally saturate, howeverSuggests that a state of very low interfacial tension can be
when the surfactant concentration exceeds a critical value, above

which additional surfactant begins to aggregate into micelles achieved in such mixtures.

in either oil or water, or to se r(Sj ate intogg th?rd surfactant rich Direct measurements of the macroscopic interfacial tension
. S gregate in . X between polymer liquids in the presence of copolymer

phasé. This saturation of macroscopic interfacial tension above

an apparent critical micelle concentration (cmc) is observed additives™™*® have, however, thus far not yielded ultralow
PP _interfacial tensions comparable to those measured in balanced

goreg P reduction iny due to a diblock copolymer additive appears to

micelles, or into monolayers, within a bicontinuous microemul- be a decrease by less than 1 order of magnitude, to 18% of the
§ion. The saturation valqg of the macroscopic interfacial tension interfacial tension of the bare interfateOther mea,surements
1S, however,_ very sensitive to the _free energy per surfagtant have often yielded interfacial tension decreases of less than 50%
molecule within the coexisting micellar or microemulsion in systems of nearly symmetric diblocks415 for which
structure. equilibrium theory would predict much more dramatic decreases.
Extremely low interfacial tensions can be obtained in systems  Here, we report interfacial tension measurements for systems
of “balanced” surfactants, for which the thermodynamically of polyisoprene (PI) and polydimethylsiloxane (PDMS) ho-
preferred form of aggregation is a surfactant monolayer with mopolymers with poly(isoprene-dimethylsiloxane) (IDMS)
no spontaneous curvature (i.e., a vanishing preferred value forgiplock copolymer surfactants. In such systems, the monolayer
the mean curvature). Systems of such balanced surfactantspontaneous curvature cannot be easily controlled by varying
generally form either a bicontinuous microemulsion or alamellar the temperature. To systematically vary the spontaneous cur-
phase. Either of these structures may exhibit two and three phase/ature, we have instead conducted experiments at fixed tem-
coexistence with phases of excess oil and/or water. In someperature for mixtures in which, in one sequence, we vary the
mixtures of oil, water, and nonionic alkypoly(ethylene oxide)  molecular weight of the PDMS block of the copolymer, and,
surfactantg”® the monolayer spontaneous curvature is a sensi- in two other sequences, we vary the molecular weight of the Pl
tive function of temperatur@ In these SyStemS, the maCI’OSCODIC homopolymer in the presence of a Symmetric Copolymer_
interfacial tensiory(T) between oil and water phases reaches a  one advantage of the study of block copolymers as model
minimum at a “balance” temperatufig at which the spontane-  gyrfactants is the ability of numerical self-consistent field theory
ous curvature passes through zero. The minimum interfacial (SCFT) to provide rather accurate predictions of free energies
tension can be several orders of magnitude less than the bargor polymeric monolayers and micelles. We have recently used
oil—water interfacial tension. SCFT to predict the equilibrium interfacial tension between a
In mixtures of immiscible A and B homopolymers with small phase of nearly pure B homopolymer and a coexisting phase
amounts of AB diblock copolymer, the copolymer plays a role of A homopolymer that contains spherical micelles of AB
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diblock copolymei” This model allows the micelles (or Table 1. Material Characteristics of Homopolymers

microemulsion droplets) to swell by emulsifying the B ho-  sample code M, (g/molf My/M, N° 5o (PasF  yo(mN/my
mopolymer within the micelle core. For mixtures of symmetric

, Lo PI1 2900 1.08 42 1.3 2.6

homopolymers with equal degrees of polymerization, and  pj; 4600 1.07 68 3.0 31
monomers with equal statistical segment lengths, this model PI3 6000 1.09 88 4.1
predicts thaty should extrapolate to zero in the limit of a P14 6600 1.06 97 7.2 3.4
symmetric copolymer, witfy = 1/2, and vary quadratically PI5 7700 108 113 8.9 34

ith fo around this minimum. Analogies to experimental results i 9600 106 141 17 35
with fa around th - 9 perin PI7 15800 106 231 470 3.6
obtained with mixtures of oil, water, and non-ionic surfactant, PDMS1 6200 1.08 84 0.1
which form a bicontinuous (rather than droplet) microemulsion ~ PDMS2 8000 1.10 107
near the balance point, suggest thahay instead reach a very aThe number-average molecular weights determined by GPC and
small but nonzero minimum value at the balance p&i@ne converted using polystyrene standari®n the basis of a reference volume
goal of the present study is to quantitatively test these SCFT v = 126.1 A.¢ Zero shear viscosity measured with parallel plate rheometry
predictions. at 298 K.9 Bare interfacial tension with PDMS1.

The most important differences between small-molecule and
macromolecule surfactants are differences in the rates of
equilibration, rather than any difference in equilibrium behavior.
The low diffusivity of a polymeric surfactant in a polymeric
matrix makes it difficult to guarantee that a state of macroscopic
phase equilibrium will be reached within the types of apparatus
that are used to measure interfacial tension. In both the penden
drop method!~13 and the spinning drop method used h&rel
the tension of an interface between a macroscopic (e.g.,
millimeter) drop of one liquid and a surrounding matrix of
another is inferred from the deformation of the drop, which is
caused by gravitational forces acting on a pendent drop or
centrifugal forces acting on a spinning drop. To guarartee
priori that such a sample would reach a state of global
thermodynamic equilibrium, with a copolymer that is slightly
soluble in both phases, it would be necessary to allow time for
copolymer to diffuse across the entire macroscopic drop and
matrix and thereby to establish a homogeneous copolymer, Experiment
chemical potential throughout the sample. In polymer mixtures, . - )
this criterion generally leads to prohibitively long times, even 2.1. Materials. All polymers used in this study were synthesized

e AP .
for the relatively low molecular weight polymers used in these BY @nionic polymerizatiof? To synthesize Pl homopolymers,

. . . - isoprene (Aldrich) monomers were first stirred with calcium hydride
and previous interfacial tension measurements.

. ) A (CaHp) overnight and purified witim-butyl lithium twice under
Careful measurements of interfacial tension in mixtures of vacuum fo 2 h each. Polymerization was initiated witecbutyl

oil, water, and small molecule surfactants have been carriedlithium in 10 vol % cyclohexane solution and carried out at’@0

out by first allowing a mixture to undergo spontaneous for 6 h. The resulting solution of PI homopolymer was terminated

macroscopic phase separafi@amd then preparing samples for  using acidic methanol, washed several times with deionized water,

interfacial tension measurements by injecting a drop of material @nd finally dried in a vacuum oven until the weight remained

taken from one of two coexisting phases into a matrix of material constant. .

taken from the other. We have tried to imitate this procedure, |0 Synthesize PDMS homopolymers, hexamethylcyclotrisiloxane

but we failed to obtain true macroscopic phase separation (i.e.,(DS’ Aldrich) was stirred over calcium hydride at 880°C for 4

. . o . h and further purified with dibutylmagnesium under vacuum for
a sample with two optically clear phases and a distinct menlscus)1_5 h24 After initiation with secbutyl lithium, at least 18 h was

even with the help of centrifugation. required to ensure the complete activation of i 10 vol %
The measurements presented here, like most previous meacyclohexane at room temperature. Actual polymerization started
surements with ternary polymer mixtures, have instead beenupon subsequent addition of an equal volume of tetrahydrofuran
carried out by initially mixing the copolymer into only one of  (THF). After 2-3 h, the reaction was terminated with a 10-fold
r o Shese. e e 1 copor i e 0% X652 et () scheung e o
PDMS homopolymer and then inject into this a drop of pure cyclohexane after the majority of THF was removed by rotary

PIl. Several researchers have previously noted that the SIOWevaporation. It was immediately washed with B wt % sodium

diffusion of copolymer appears to strongly affect the results of picarhonate (NaHCE) aqueous solution, and subsequently with
interfacial tension measurements in such saml&s!®Specif- deionized water. The products were filtered with @@ pore filter
ically, it has been observed that significantly different results disks and further dried in a vacuum oven for2 weeks in order
can be obtained in the pendent drop experiments depending uporio remove residual solvent and unreacted monomer. The
whether the copolymer is initially premixed with the drop or molecular characteristics of homopolymers are listed in Table 1.
the matrix material. As a result, it has remained difficult to ~ Poly(isoprenes-dimethylsiloxane) (IDMSy block copolymers

obtain reliable measurementsegfuilibriuminterfacial tensions ~ Were polymerized by the sequential addition of isoprene and D
in mixtures containing copolymer additives. monomers in the manner described above for homopolymers, except

that the IDMS solution was precipitated in a 3:1 vol/vol mixture
Recently, one of us (Morse) analyzed a transport problem o methanol and 2-propanol. Before adding @onomers for the

relevant to this experiment, in which copolymer is initially  second block, an aliquot of PI block was removed and quenched
mixed into the matrix phase with a concentration greater than in methanol for analysis. The molecular characteristics of that block
the critical micelle concentration (cmc) and then diffuses to the are summarized in Table 2. Sometimes, a small amount of the IDMS

interface and (to some extent) into a drop of initially pure
homopolymer? The analysis showed that, if the copolymer has
a comparable solubility in both phases (as expected for a nearly
symmetric diblock), it is possible for the interface to reach a
quasi-steady nonequilibrium state in which the interfacial
goverage is depleted below its equilibrium value by a continual
diffusion of copolymer into the drop. This analysis suggested
that the optimal system for measuring the equilibrium interfacial
tension in the presence of a nearly symmetric diblock copolymer
would be one in which the copolymer tracer diffusivity is much
higher in the phase to which the copolymer is initially added
than in the other phase. For the work reported here, we have
thus chosen a model system of low molecular weight liquid
polymers in which the copolymer tracer diffusivity is relatively
high in both phases but is expected to be significantly higher
in the PDMS matrix than in the more viscous PI drop.
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Table 2. Material Characteristics of Block Copolymers 5
sample  Mp
code (g/molf Muw/M, faP 9(0.1%F y(0.2%) y(0.3%) y(0.4%)
IDMS1 4800 1.06 0.49 0.0011 0.0014 0.0013 4 1
IDMS2 4400 1.15 0.50 0.0031 i o
IDMS3 4000 1.08 0.50 0.0007 —_ s
IDMS4 4800 1.09 0.53 0.0060 E 3| ) 3
IDMS5 4800 1.11 057 0.0094 ZE' —
IDMS6 4900 1.07 0.58 0.0084 = «
IDMS7 4900 1.09 0.60 0.050 0.016 0.020
IDMS8 5200 1.09 0.61 0.12 0.064 2
IDMS9 4400 1.13 0.63 0.17 0.064
IDMS10 4400 1.13 0.66 0.26 0.25 0.22
IDMS11 4700 1.05 0.71 0.435 0.43
IDMS12 4700 1.04 0.73 0.50 0.49 1 1
IDMS13 9300 1.07 0.50
aThe number-average molecular weights of Pl blocks determined by
GPC based on polystyrene standards and converted using a universal 0 ’ ; :
calibration.” The volume fraction of PDMS within IDMS: Interfacial 2 4 6 8 10 12 14 16
tension (mN/m) in the system of PI14/PDMS1/IDMS. M p; (kg / mol)
3 Figure 2. Bare interfacial tension between Pl and PDMSL1 in the
absence of block copolymer as a function of molecular weights of PI.
3 The solid line is the SCFT prediction usinpg= 0.175.
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Figure 1. Diameter of PI1 and PI2 drops in a PDMS1 matrix as a 04 !
function of time, following a sudden increase in the rate of rotation ' f. = 0.58 (IDMS6
(spin-up) to 6300 rpm, in the absence of copolymer additive. e a = 0.58 ( )
0.2 ‘_‘A. LY - . A w A
solution was cannulated out during the synthesis of the DMS block
and terminated in a separate preflamed flask whereas the solution 0 : . . : : -
in a main reactor was terminated later. The IDMS pairs made in 0 100 200 300 400 500 600 700

this way are IDMS2/IDMS9, IDMS4/IDMS5, IDMS6/IDMS7, and
IDMS11/IDMS12. A small amount of PDMS homopolymer might

be produced during the polymerization of IDMSbut a distinct with an IDMS6 copolvmerfa = 0.58) and Pl4 in PDMS2 premixed
peak Of_ the PDMS homopolymer was not identified in gel with an asymmetr?c I}I/DMSJ%\Z copol;?r’nefA(= 0.73) in bothpspin up
permeation chromatography (GPC) data. Such a small homopolymer(circies) and spin down (triangles) éxperiments. The concentrations of
peak could be hidden in the tail of the IDMS peak due to similar |pms6 and IDMS12 in the corresponding PDMS matrices are 0.1 and
hydrodynamic volumes, but no further fractionation was conducted. 0.2 wt %, respectively. The final rotation frequency is 6300 rpm in all
The number¥l,)) and weight i4,,) averaged molecular weights  of the measurements shown.
of Pl were determined with GPC (in THF) using polystyrene
standards and a universal calibration curve. Those of PDMS and 2.2. Interfacial Tension Measurementlnterfacial tension was
IDMS were determined with GPC (in toluene) using both refractive  measured with a spinning drop tensiometer (SDT) in the laboratory
index and light scattering detectors. NMR was used to calculate of Prof. Daniel Joseph. In this instrumeéf€! an electric motor
the block ratiofs = Nca/Nc of IDMS, whereNca is a length of rotates a horizontal glass tube containing a liquid drop of a less
PDMS block and\¢ is a total length of IDMS. Here and hereafter, dense phase (Pl) in a denser matrix (PDMS) at a constant angular
the subscript A denotes PDMS, B denotes PI, and C is used tovelocity.
denote a property of the copolymer. Also, NMR was used to obtain  For each sample, the PDMS matrix (dengity= 0.970 g/mol§®
1,4 fractions of PI homopolymer and blocks, which were all at least was poured into a glass tube tia 6 mminner diameter, which is
94%, and to confirmM, of the PDMS homopolymers. 15 cm long. One end of the glass tube in the SDT is sealed by a
The zero shear viscosity, of each homopolymer was measured plug equipped with a set of terraced calibration posts. These posts
with a TA Instruments ARES rheometer using a dynamic rate sweep are used to calibrate observations of the drop diameter through a
mode at room temperature with 25 mm parallel plaed mm microscope. Calibration is necessary to correct optical distortion
gap, and 10% strain. The results are reported in Table 1. caused by the curved wall of the tube. We used either of two
The PDMS matrix materials used in our interfacial tension different plugs for which the terrace diameters range from 0.3 to
measurements were prepared by premixing IDMS block copolymers 0.5 mm or from 0.5 to 2 mm, respectively, depending on the
with pure PDMS homopolymer at room temperature, at concentra- expected final diameter of the drop. The glass tube was placed in
tions of 0.1-0.4 wt %, which are all above the cmc (Figure 4). A vacuum until no air bubbles came out of the gap between the
total volume of 1 mL was prepared for each sample and kept in a O-rings around the plug and the glass wall. Then, a pure Pl drop
vacuum oven until the mixtures appeared homogeneous. This(pg = 0.900 g/mol)>with an initial diameter of 0.52 mm chosen
usually took 4-5 h at room temperature without mechanical stirring. so as to give convenient final dimensions, was injected into the

t (min)
Figure 3. Drop diameter vs time for drops of P14 in PDMS1 premixed
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Figure 4. Interfacial tension reduction of PI4/PDMS1 and P14/PDMS2
as a function of the concentration of IDMS1 and IDMS12, respectively.
The dashed lines are guides to the eye.

middle of the PDMS matrix using a glass pipet. Another plug with
a threaded hole at the center was then quickly pushed into the glas
tube, until the first drop of the PDMS matrix was pushed out
through the hole in the plug. The hole was then tightly sealed with
a bolt and an O-ring before the PI drop could rise significantly,
and the glass tube was loaded into the SDT.

In an attempt to reduce the effects of the slow diffusion of block
copolymer into the drop, many of our interfacial tension measure-
ments were carried out on samples that were stored-fdrieeks
after injection of the pure Pl drop into a PDMS/copolymer matrix.

This treatment did not appear to have any effect upon the results.

Centrifugal forces deform the drop into a shape that, when the
deformation is large, is well approximated as a cylinder of length
| and diameterd with hemispherical caps. Whelid > 4, the
interfacial tensiory for such a drop is related to the drop diameter
d, angular velocityw [radians/time], and density differende by*°

y = 3i2 Apw’d® (2)
The density difference for the polymers studied her&dgs= pa —
ps = 0.070 g/mol. In each measurement, the initial drop size and
angular velocity were chosen for each sample so as tolgive
5, while using rotation frequencies of 3666000 rpm.

The rotation of the sample was synchronized with the frequency
of a stroboscope in order to obtain still images of the rotating drop
with a video camera. Sinceis proportional tod3, it was critical

Macromolecules, Vol. 40, No. 10, 2007

reaches an apparent plateau value of 3.6 mN/m for the highest
PI molecular weights. This plateau value f@ris in a reasonable
agreement with the literature value of 3.2 mN#fiwhich was
measured using a higher molecular weight commercial grade
homopolymers, for which the reported density difference was
Ap = 0.064 g/cm, vs 0.070 g/crhfor our samples.

The solid line in Figure 2 is a SCFT prediction for this series
of samples. The SCFT calculations were similar to those
discussed in ref 18. These calculations used valudsppf=
97, Npoms = 84, Npus = 70(') - 67(DMS), based on a
common reference volume = 126.1 A, a Flory-Huggins
parametel = 0.175, and statistical segment lengthpus
= 5.57 A andbp, = 6.38 A. All other SCFT calculations in
this paper use the same valuesvof, andb. This value ofy
was chosen to fit our measurements of the initial decrease in
interfacial tension with small amounts of added copolymer and
of the apparent cmc, which are discussed in the following
subsection. Our chosen value pf= 0.175 is slightly larger
than the value; = 0.146 atT = 298 K reported by Cochragt
al.,?® which was obtained by fittingTopr of two different
symmetric Plb-PDMS block copolymers with the equatign
(T) = AIT + B and assumingyNc)oor = 10.495%° SCFT

$redictions of the bare interfacial tension usipg= 0.175

underestimate the interfacial tension at high Pl molecular
weights by about 10%. Use of the lower literature value would
yield a slightly larger discrepancy.

3.2. Dependence on Copolymer Concentratiori.he inter-
facial tension in the presence of block copolymer has been
measured for interfaces between Pl4 and PDMS1 (or PDMS2)
premixed with copolymers as a function of copolymer concen-
tration.

The time required for the drop to reach its final diameter after
a sudden change in the rotation rate of the spinning drop
tensiometer is significantly longer in the presence of a block
copolymer additive than in its absence. Figure 3 shows
representative transient behaviors of the diameter of the Pl4
drop during spin-up and spin-down experiments with 0.1 wt %
of IDMS6 in PDMS1 and 0.2 wt % of IDMS12 in PDMS2,
respectively. At concentrations above the cmc, most of the
change in drop diameter typically occurs within-120 min in
both spin up and spin down experiments. We did not, however,
take measurements at sufficiently closely spaced intervals to
accurately characterize the dynamics of drop equilibration in
systems with added copolymer. Steady state measurements were

to get images of sharp drop edges. The stroboscope minimized thd@ken after a constant rotation rate had been maintained for a

effect of off-centered movements of both the drop and the
calibration posts.

During the measurements, both spin-up and spin-down experi-
ments were carried out to confirm that the system had reached
hydrodynamic equilibriumd®2 Also, a few samples were run at
two different angular velocities to confirm that the same value of
y was obtained at different rotation rates. Individual measurements
of y were reproducible within cat5%. This error is primarily
due to the uncertainty in diameter measurement.

3. Results
3.1. Bare Interfacial Tension.The interfacial tensioty, in

waiting period of 24 h. This was found to be sufficient to obtain
a time-independent value in all but a few samples (The
exceptions are discussed below).

Figure 4 shows the dependence of the measured steady-state

interfacial tensiory upon the concentration of copolymer added

to the PDMS, for two different copolymers. Dashed lines are
merely guides for the eye. When the highly asymmetric block
copolymer IDMS12, wittfa = 0.73, was added to P14/PDMS2,

y decreased to a minimum value of 0.44 mN/m. This is an 87%
reduction relative to the bare interfacial tension, which is
comparable to the maximum reduction found in previous

the absence of copolymer has been measured for interfacestudiest?13 However, when the symmetric block copolymer

between PDMS1 and Pl homopolymersPHI7. In the absence
of copolymer, the drop diameter typically relaxed to its final
value with a characteristic time of order 10 s in both spin-up
and spin-down experiments, as shown in Figure 1.

Table 1 and Figure 2 show the resulting valuesygfas a
function of Pl molecular weighMp,. The interfacial tension

IDMS1 was added to P14/PDMSY, dropped to a strikingly

low interfacial tension of approximately 0.0015 mN/m at
concentrations above an apparent cmc of less than 0.05%
copolymer. This is a reduction ip by more than 3 orders of
magnitude. While similarly dramatic decreases have been
observed in systems with balanced small molecule surfactants,
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] ) ) ] Figure 6. Interfacial tension in PI4/PDMS1/IDMS systems as a
Figure 5. Interfacial tension reduction between P14 and PDMS1 as a function of the block ratida of IDMS, compared to SCFT predictions.
function of the concentration of IDMS1 added to the PDMS matrix. Closed symbols are measurements of steady-state interfacial tensions
The lines are SCFT predictions with four different valueg,of with different copolymers from a series of IDMSIDMS12 at several
concentrations. The open circles are the predictiong.qf of three
nothing comparable has previously been observed in a polymericSCFT simulations of flat interfaces at the cmc of swollen micelles.
system. The solid line is the prediction of eq 2. Leibler's the#ris shown as
Figure 5 compares our results for the system of PI4/PDMS1 a dotted line.
and symmetric IDMS1 copolymer to SCFT predictions of
equilibrium interfacial tension obtained with several slightly
different values of;. The SCFT calculations are similar to those
presented in ref 17 and are based on a model of the PDMS
phase as an equilibrium phase of swollen spherical micelles that 101 ¢
coexists with a phase of nearly pure PI. Both the initial slope,
dy/d¢. nearp. = 0, and the cmc are extremely sensitive to the

10°

chosen value of. This is because both quantities are known E

to vary with y as eNcs, whereyNcfg ~ 12 for this system. % 102 }

All other SCFT results presented in this paper use the value = ¢ 01% &

= 0.175 chosen to fit this data for the concentration dependence 02% e

of y below the cmc. 3| 03% v
3.3. Dependence on Copolymer CompositionVe have 10 04% =

measured interfacial tensions between a P14 drop and a PDMS1 3

matrix premixed with each of the 12 copolymers IDMS1 swollen m'(_:e”e

IDMS12 listed in Table 2, at copolymer concentrations above 10 Leibler -

the apparent cmc. These copolymers all have PI blocks of similar 0.3 0.4 05 06 07 0.8

molecular weightMp, ~ 5K, but PDMS blocks of varying

mo!ecular weight. The volume fraction of PDMS in this serie_s Figure 7. Experimental data and calculations of Figure 6 plotted on

varies from 0.49 to_0.73. M_easurements were tak_en with a logarithmic scale. Near the balance point, measured values are

copolymer concentrations varying from 0.1 to 0.4 wt % in order considerably lower than those predicted by SCFT.

to confirm that the interfacial tension is generally independent

of concentration. Figure 6 shows the interfacial tension above cmc was obtained from a series of SCFT simulations of swollen

the apparent cmc as a function faf = fpums. Figure 7 shows spherical micelles in the PDMS matrix, apghc was obtained

the same data on a logarithmic scale for interfacial tension. For from separate SCFT simulations of flat interface at the corre-

most copolymers, values are shown for more than one concen-sponding cmc. These simulations were carried out on three

tration. It should be apparent that the valyebtained at  systems containing homopolymers wiia = 84 andNg = 97,

concentrations above the cmc are highly reproducible, but arecorresponding to PDMS1 and PI4, and three copolymers with

not a smooth function df. Starting from an interfacial tension @ common Pl block length ofsNc = 70 and PDMS block

of order 16 mN/m near the symmetric copolyméy = 0.49 lengths offaNc = 105, 130, and 186.

(IDMS1), y first increases relatively slowly with increasifig The solid line in Figure 6 is the result of an approximation

reaching about I# mN/m for f = 0.58 (IDMS6), but then for yemc that is based on the Helfrich theory of interfacial

changes by roughly an order of magnitude over a narrow rangebending elasticity of weakly curved monolayers, as presented

of fo = 0.60-0.63 (IDMS7-IDMS9). Forfs >0.66 (IDMS10- in ref 17. This approximation yields an interfacial tension that

IDMS12),y again appears to increase smoothly with increasing depends orix as

fa. This seemingly discontinuous dependencefpns more 5

obvious on the logarithmic scale used in Figure 7. Voo = L(f _ fbal)z )
SCFT predictions of the values pfabove the cmc, hereafter eme e A A

denotedycme are shown in Figure 6 in two different forms:

The open circles are the results of three SCFT simulations for a series of systems containing the same pair of homopoly-

similar to those presented in ref 17. In these calculations, the mers and copolymer with a fixed core block sigdlc. Here,

fa
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Figure 8. Time-dependent diameter of a P14 drop in the PDMS1 matrix

at a rotation frequency of 6300 rpm with two different concentrations

of IDMS7 (fa = 0.60), 0.1 and 0.2 wt %.
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2 is the value offa at which a balanced saturated monolayer,
with 7 = 0, is formedx+ = « + k/2 is the bending rigidity for

a spherically curved surface (i.e., the second derivative of
interfacial tension with respect to mean curvat@re= 2/R at
fixed copolymer chemical potential,is the first derivative of
interfacial tension with respect to mean curvature, evaluated at
C = 0, and7’ = a7/dfa. In this approximationiy and 7' are
evaluated afx = f,'ia'. The parameterﬁa', k4, andt’ have been
calculated from the method described in ref 26. For a series of
copolymers withfsNc = 70 and homopolymers witNy = 84
(PDMS1) andNg = 97 (Pl4), we obtained® = 0.48,«; =
1.9XT, and7’ = 0.27kT A-1. The prediction of eq 2 agrees
extremely well with the results of three micelle simulations
shown by open circles. The prediction of Leibler's strong-
stretching theory foryema3® which neglects swelling of the
micelle core, is shown as a dotted line.

For sufficiently asymmetric copolymers, wifh >0.66, the
SCFT predictions are remarkably consistent with the measured
interfacial tensions. However, SCFT predictions)gf.c are
significantly higher than the measurements, ffor< 0.6, with
a particularly large discrepancy féx = 0.58.

For the three samples with 0 <0.63, it was very difficult

to obtain reproducible results, because the relaxation of the drop

diameter became dramatically slower and dependent on co-
polymer concentration as shown in Figure 8 for IDM$y €

0.6). In this case, the drop diameter continued to decrease

throughout 3 days of observation, and the overall trends
depended significantly upon the concentration of copolymer
even above the apparent cmc. This transient behavior is very
different from that observed for eith& >0.66 orfy <0.58 in
Figure 3.

3.4. Dependence on Homopolymer Molecular Weigh#\n
alternative way to control the spontaneous curvature of a
monolayer is to change the relative lengths of the homopoly-
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Figure 9. Interfacial tensiory in the system of PDMS1/PI/IDMS1 as

a function of molecular weight of PI. Filled circles are values/ah
ternary systems with 0.1 wt % IDMS1. Open triangles are corresponding
values for bare PDMS1/PI interfaces, with no copolymer surfactant.
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Figure 10. Variation of the diameter of the PI5 drop in the PDMS2
matrix at a concentration of 0.2 wt % of IDMS13. The rotational
frequency is 6300 rpm.

and7' = 07/6p. The displayed prediction uses parametepg
= 6.2K, k4 = 2.0KT and 7" = 0.023KT A1 that were all
obtained from a separate series of SCFT calculations.

3.5. A Larger Copolymer. Another series of measurements
were carried out with IDMS13 copolymer, PDMS2 matrix, and
Pl homopolymers of varying molecular weight. IDMS13 is a
symmetric copolymer with a molecular weight nearly twice that
of IDMS1, which thus has a core block molecular weiiyh
= 9.3K, roughly twice that of any of the other copolymers used
in our experiments. IDMS13 was initially added to the PDMS2
matrix at a concentration of 0.2 wt %.

In spinning drop experiments with IDMS13, equilibration of

mers. Here we examine the effect of varying molecular weight the drop size was dramatically slower than that in experiments
Mg, of Pl on interfacial tension. We have measured the With the smaller copolymer IDMS1. Figure 10 shows the time
interfacial tension between the PDMS1 matrix that initially dependence of the drop diameter in a system with PDMS2 and

contains 0.1 wt % of the symmetric IDMS1 and a series of Pl PI5 homopolymers, and IDMS13 copolymer. In this example,
homopolymers of varying molecular weight. the drop diameter was still decreasing at a noticeable rate after

The results, which are shown in Figure 9, exhibit an 1 week. No reliable data could thus be obtained for the steady-
essentially quadratic dependence blp, with a very low  state interfacial tension.
minimum iny at a balance point between 6K and 6.6K. The  This dramatic difference in the time required to establish a
solid line is an approximate SCFT prediction of the foprs steady-state drop size (less than an hour vs at least 1 week) is
(T"¥2kc4) (B — B°a)2 analogous to eq 2, in whigh= Np/Nppums too large to be explained as a direct consequence of the
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difference in the diffusivity of free copolymer molecules in concentration is predicted to remain above the cmc throughout
either of the two phases, or of spherical micelles in PDMS. the PDMS matrix. In experiments with highly asymmetric
The diffusivity of molecularly dissolved IDMS13 in either Pl  copolymers, this prediction is primarily a result of the fact that,
or PDMS is predicted by the Rouse model to be about half the for fo > 0.6, the copolymer becomes almost insoluble in the
corresponding diffusivity of IDMS1, due to the factor of 2 PI. In experiments with nearly symmetric copolymers, it is
difference in molecular weight. The diffusivity of spherical instead primarily a result of the fact that the monomeric friction
micelles, which is predicted by the StokeSinstein equation coefficients in PDMS are much lower than those in PI, so much
to be inversely proportional to the micelle hydrodynamic radius, so that the estimated diffusivity of micelles in PDMS is actually
is expected to decrease by less than a factor of 2 over the samslightly greater than the estimated diffusivity of molecular
range of molecular weights. No argument that relates the time dissolved copolymer in Pl. As a result, we find that micellar
required to equilibrate the drop size to the time for either diffusion in the PDMS is generally sufficient to supply the flux
molecules or spherical micelles to diffuse a constant or nearly of copolymer that diffuses into the PI, and thereby maintain a
constant distance can explain the observed difference in timeconcentration above the cmc near the interface. If the flux to

scales. the interace is controlled by diffusion (rather than by limitations
on the rate of micelle dissolution or interfacial adsorption), then
4. Diffusion Limitations an equilibrium interfacial tension should be obtained in our

In this section, we consider the kinetics of copolymer EXPeriments.

diffusion in the spinning drop tensiometer. Our discussion is
based on an analysis of copolymer diffusion to a polymer
polymer interface given in ref 22. While many of our experimental results agree well with

This analysis assumes that the rate of accumulation of relevant theoretical predictions, two mysteries remain. The first
copolymer is controlled by diffusion, rather than by limitations is the anomalously low interfacial tension obtained for 8.5
either on the rate at which micelles can be destroyed at or nearfa < 0.6, and rapid change inas a function of for f = 0.6.
the interface, or on the rate at which free copolymer can adsorb The second is the extremely long time required for the drop
to a crowded interface. It was shown in ref 22 that, if transport diameter to reach a steady state in systems containing the longer
is indeed diffusion limited, the chemical potential of copolymer Symmetric IDMS13 copolymer. Possible reasons for these resullts
at the interface can reach the equilibrium value characteristic are discussed below.
of a micellar solution as long as either of two conditions is  5.1. Low y for Nearly Symmetric Copolymers. The
satisfied. First, if the experiment allows time for free copolymer observed dependence ¢f on fa between 0.5 and 0.63 is
to diffuse throughout the drop, the system can reach a state ofdistinctly different from the parabolic dependence predicted by
true global equilibrium, in which the copolymer chemical the equilibrium theory of ref 17. This could in principle be the
potential becomes homogeneous throughout the system. Secondgesult either of an equilibrium phenomenon that is not accounted
even if the experiment allows too little time for global for in that theory, or of a kinetic phenomenon.
equilibration, an equilibrium interfacial concentration can We were initially tempted to interpret the rapid change in
nonetheless be obtained during an intermediate time regimenearfA = 0.6 as an equilibrium phenomenon that is somehow
(greater than that required to accumulate an interfacial copoly- related to the appearance of a bicontinuous microemulsion and
mer monolayer) if the flux of copolymer into the drop remains the appearance of three phase coexistence. The equilibrium
small enough so that it does not deplete the copolymer theory of ref 17 assumed the existence of a phase of swollen
concentration in the matrix near the interface below the cmc. spherical micelles in two-phase coexistence with an excess phase

In appendix A.3, we estimate the time required for copolymer of nearly pure PIl. Systems with balanced surfactants, such as
that diffuses into the Pl drop to reach the center of the drop. symmetric diblocks, often instead form a bicontinuous micro-
Specifically, we estimate the time for free copolymer to diffuse emulsion in three phase coexistence with two excess phases.
throughout a long cylinder with a radius equal to the final radius To determine whether a bicontinuous microemulsion phase
obtained in the spinning drop experiment. In a spinning drop might be formed in some of the systems studied here, we also
tensiometer, at any specified angular velocity, the radius of the studied the phase behavior of mechanically blended ternary
drop depends upon the interfacial tension, and decreases withmixtures (PDMS1/P14/IDMS3 and PDMS2/PI5/IDMS13) con-
decreasing interfacial tension. We find that the required diffusion taining equal volumes of PI and PDMS homopolymers and
time is of order 10 h for systems with a measured interfacial varying amounts of symmetric block copolymers. Both optical
tension ofy ~ 1072 mN/m, and is several hours even for the examination and small-angle X-ray scattering (SAXS) experi-
lowest observed value gf ~ 10-3 mN/m. In our experiments ~ ment&’ confirm that these mixtures form a lamellar phase at
on systems with added copolymer, the drop is observed to high surfactant concentrations and a bicontinuous microemulsion
approach its final diameter with a relaxation time of order 10 at lower concentrations and that the microemulsion exhibits
min. This time is nearly the same for symmetric copolymers, coexistence with excess homopolymer phases of Pl and/or
which exhibit a similar solubility in both phases, and strongly PDMS.
asymmetric copolymers, which are essentially insoluble in the  The phase behavior observed for these ternary mixtures is
Pl dI’Op. We thus conclude that the observed relaxation time is Comp|e[e|y consistent with the behavior observed in small
unrelated to the time required for copolymer to diffuse molecule mixtures of oil, water, and nonionic poly(alkyl-
throughout the drop, and is presumably related instead to theethylene oxide) surfactant near their balance temperdiyae
time required to initially accumulate a monolayer along the which the monolayer spontaneous curvature vanishes. To assess
interface. any explanation of the observed dependencg.qf on fa that

In appendix A.4, we analyze the question of whether the appeals to purely equilibrium phenomena, it is thus important
diffusive flux of copolymer into the drop is large enough to to first compare our observations to those obtained in careful
deplete the copolymer concentration below the cmc near theexperiments on these small molecule analogs. In the small
interface within the PDMS. We conclude that it is not: The molecule mixtures, the spontaneous curvature of the monolayer

5. Discussion



3826 Chang et al. Macromolecules, Vol. 40, No. 10, 2007

depends strongly upon temperatufe which plays a role a nonzero net rate of micelle destruction. We thus conjecture
analogous to that played here by the block r&tifThis analogy that the interfacial tension could be reduced below its equilib-
is discussed in more detail in ref 17). The dependencé&on rium value in these systems by a limitation on the rate at which
observed in subsection 3.3 is, however, quite different from the micelles can swell before being destroyed, due to the low
dependence oi observed in the small molecule mixtures. In  solubility of Pl homopolymer in the PDMS matrix.

the small molecule mixtures, a region of three phase coexistence 5 3 sjow Equilibration for a Longer Copolymer. While

between a bicontinuous microemulsion phase and oil- and water-experiments with copolymers with a core block skg = 5K

rich phases opens over a relatively narrow range of temperaturegegy|ted in reasonably rapid equilibration of the drop diameter,
Ti < T < T, centered around the balance temperature. The oyer times of order 1620 min, our experiments with an
interfacial tension between _ oil- and water-rich p_hases 1S, IDMS13 copolymer withMp, = 9.3K resulted in dramatically
however, found to be a continuous, nearly quadratic function |5nger equilibration times, of greater thar®fin. We assume

of temperature, with no discontinuity afj or Ty. After that the slow rate of mechanical equilibration reflects a slow
considering what is known about these systems, and therate of accumulation of copolymer at the interface. As already
underlying thermodynamic reasons for the observed continuity noted, this large a difference in equilibration times cannot be
of the interfacial tension af; andT,, we concluded that it was explained as a direct consequence of an decrease in the
hard to imagine a hypothesis that could plausibly explain why giffysivity of either free molecules or spherical micelles.

the equilibrium interfacial tension should instead be a discon-

tinuous function offs in the systems studied here. One explanation that we have considered is that the increase

i S in equilibration time might be the result of a change in the
We must thus also consider what kinetic phenomena may be primary mechanism of copolymer transport from free copolymer
relevant. The analysis given in ref 22, which is the basis of the iffysion to micellar diffusion, as a result of a dramatic decrease
analyis given in the appendix, attempts to account only for the i, the cmc with increasing molecular weight. Because the cmc
effects of diffusion limitations upon the observed interfacial depends exponentially on the molecular weight of the copolymer
coverage. That analysis ignored any limitations on the rate at core plock, doubling the PI core block length from 5K to 10K
which micelles can be destroyed at or near the interface, on the;g expected to decrease the cmc by many orders of magnitude,
rate of interfacial adsorption, or on the rate at which micelle causing IDMS13 to become essentially insoluble in PDMS as
cores can swell by absorbing dissolved Pl homopolymer as they, ynimer. Theoretical estimates of the tima. required to
approach the interface. Limitations on the rates of either of the 5ccumulate a saturated interfacial monolayer are given in
first two processes (micelle dissolution and interfacial adsorp- appendix A.2 for both short and long diblocks. These estimates
tion) would tend to decrease the interfacial coverage, and thereby, e pased on the theory of ref 22, which allows for both free
increa_s_e the interfacial _tension. Limitations on the rate of copolymer and micellar diffusion, but ignores any limitations
emulsification of P by micelles could instead tend to decrease g, the rates at which micells can dissolve. The theory suggests
the observed interfacial tension, as discussed below: that (in the absence of limitations on the rate of micelle
Micelles in the PDMS phase must be unswollen sufficiently dissolution), the flux of the shorter IDMSIDMS12 diblocks
far from the interface, where no Pl is present. They would have to the interface would be controlled by the rate of single-
to absorb Pl homopolymer dissolved in the PDMS matrix in molecule diffusion across a zone near the interface, while the
order to reach the swollen equilibrium structure predicted by flux of IDMS13 copolymer to the interface would be controlled
SCFT calculations. In systems of nearly symmetric copolymers, by micellar diffusion. We predict an accumulation timg. of
in which the copolymer retains some solubility in PI, micelles roughly 3 min for an the shorter IDMS1 copolymer with an
must be destroyed at or near the interface in order to compensaténitial volume fraction 0.2%, andacc ~ 20 min for the longer
the continual loss of copolymer into the PI phase. If micelles IDMS13 copolymer at the same initial concentration. The
were unable to swell to their equilibrium core radius before predicted time scales are surprisingly similar, despite the change
being destroyed, the chemical potential of copolymers within in transport mechanism, for two reasons: First, the predicted
the micelles would be higher than that predicted for a fully micellar diffusivity of either copolymer in PDMS is only about

swollen micelle. If the chemical potential at the interface were
in equilibrium with that obtained in the resulting unswollen or

partially swollen micelles, this would result in a higher

interfacial coverage of copolymer, and thus a lower interfacial
tension, than that obtained in equilibrium.

1 order of magnitude less than the tracer diffusivity of IDMS1
in PDMS, because the single-molecule diffusivity is reduced
by the large friction coefficient of the exposed PI block. Second,
the available concentration of copolymer in micelles is always
higher than the concentratigim of free copolymers, even for

The scenario described above is similar to one assumedthe shorter copolymers. This modest difference in predicted
implicitly in an early theoretical study by Leiblé? Leibler used a_ccumulatl_on times is not ?Uff'c_'e”t to explain the observed
a simple strong stretching theory to calculate the equilibrium difference in drop equilibration times.
interfacial tension of an interface between a phase containing The increase in equilibration times could be the result of a
AB diblock copolymers in A homopolymer and a phase of pure dramatic decrease in the rate at which micelles dissolve at or
B homopolymer, but neglected any swelling of the micelle cores. near the interface with increasing copolymer molecular weight.
As a result of this neglect, he predicted a vanishing interfacial Semenov theoretically estimated the kinetic barrier to the
tension for nearly symmetric copolymers, over a range of 0.31 destruction of micelles at the cmc and showed that this barrier
< fa < 0.69, rather than the quadratic dependencé,o®ur can become prohibitively largex(10kT) for high molecular
experimental results resemble Leibler’s predictions, insofar as weight polymers, causing a very slow dissolutfofhis barrier
we obtain an interfacial tension lower than that predicted for is a strongly increasing function of molecular weight. Similar
swollen micelles of nearly symmetric copolymers. The range comments probably also apply to the barrier to the dissolution
of values offa in which the measured tension falls below the of micelles at (rather than near) an unsaturated interface, though
predictions corresponds roughly to that in which the core is this type of interfacial reaction has not been analyzed separately.
predicted to swell significantly, and also to that in which the Because the molecular weight dependent barrier is related to
copolymer retains a non-negligible solubility in PI, leading to the rate of micelle dissolution by an Arrhenius factor, it is quite
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plausible for the dissolution of micelles at or near an interface PDMS interface in our experiments. In subsection A.1, we
to be relatively rapid in experiments involving low molecular present estimates of the tracer diffusivities of IDMS copolymers
weight copolymers and to become prohibitively slow when the in Pl and PDMS matrices, and of the diffusivity of IDMS

molecular weight is increased by a factor of 2. This seems to micelles in PDMS. In A.2, we estimate the time required to

us the most likely cause. accumulate a saturated monolayer of surfactant on an initially
) bare P-PDMS interface. In A.3, we estimate the time required
6. Conclusions for copolymer that dissolves in Pl to diffuse throughout the PI

We have used a spinning drop tensiometer to measuredrop. In A.4, we consider whether this diffusion of copolymer
interfacial tensions of PI/PDMS interfaces with adsorbed IDMS into the PI drop could deplete the concentration of copolymer
diblock copolymers. We have characterized three different seriesnear the interface in the PDMS below the cmc.
of systems: one with a series of low molecular weight A 1. Estimating Diffusivities. To estimate the tracer diffu-
copolymers (5K PI block) of varying composition and nearly sivities of IDMS copolymers in both Pl and PDMS, we use the
symmetric homopolymers, one with a symmetric copolymer and Rouse model to predict the dependence on the block molecular
the PI homopolymers of varying molecular weight, and one with weights, and (when necessary) the Lodd#cLeish model to
a nearly symmetric copolymer of somewhat higher molecular predict the dependence of friction coefficients on the nature of
weight and Pl homopolymers of varying molecular weight. For the surrounding material. The diffusivity of IDMS copolymer
all of the systems studied, the IDMS copolymer is expected to in either Pl or PDMS is of the fornD; = KT/(Npilp +
be more soluble in the PDMS matrix, and to form micelles in  Nppusippoms), Wwherelp; and ppus are the monomeric friction
PDMS but not in the PI drop. The copolymer was always coefficients for Pl and PDMS, respectively, in the homopolymer
premixed with the PDMS. of interest.

Measured interfacial tensions at copolymer concentration e first consider the diffusivity of IDMS copolymer in PI.
above the apparent cmc have been compared to SCFT predicA simplified estimate of this quantity may be obtained by noting
tions that assume the existence of swollen spherical micelles inthat the reported friction coefficierip(P1) = 1.5 x 1076 dyn
the PDMS matrix. These predictions agreed extremely well with s/cm of pure Pl in Pl at 298 ¥35 (defined using a reference
our measurements using sufficiently asymmetric copolymers, volume of 99 crymol) is several hundred times greater than
with 0.66 =< fa = 0.73. In systems with symmetric copolymers,  the friction coefficient of;ppug(PDMS)= 7.5 x 10 ° dyn s/cm
with fo = 0.5, we observe ultralow interfacial tensionsz~ of pure PDMS at 298 R2:33 (expressed here using the same
103 mN/m. This behavior is consistent with theoretical reference volume). As a result, the total friction of a nearly
predictions of very low interfacial tensions for symmetric symmetric IDMS copolymer in Pl is expected to be dominated
systems, and with observations of ultralow tensions in balancedpy the friction of the PI block. Ignoring the friction of the PDMS
small molecule systems. However, such low |nterfac_|al tensions pjock yields a diffusivity ofDf' = kT/(Npi&p)) = 5 x 10710
had never previously been measured in a polymeric system. cn/s for a copolymer with a Pl block of length 4800 g/mol. A

For slightly asymmetric copolymers, with 05fs < 0.60, refined estimate based on the LoddécLeish model (discussed
measured values of are noticeably lower than our SCFT  pejow) yields a negligible friction coefficient dfpoms(Pl) =
predictions. The interfacial tension also changes rapidly with 1 g « 10-8 dyn s/cm for PDMS in PI, and an essentially
fa over a narrow range of values f= 0.6-0.63, over which jgentical estimate obf" = 5.1 x 10-1° cné/s for the diffusiv-

y changes by an or_der of magnitude. Within this range, we Were jn of 4 4800(P1)-5100(PDMS) g/mol IDMS1 copolymer.
unable to obtain rellgble values of equilibrium interfacial tension, The diffusivity of an IDMS copolymer in PDMS can also be
because the drop diameter was found to slowly decrease over,qiinateq by assuming that the total friction is dominated by

very long _times, in a manner that depends upon copolymer the friction of the PI block. The LodgeMcLeish model has
concentration. We suggest that the anomalously low values ofbeen used to estimate the monomeric friction coefficiant

y obtained for nearly symmetric copolymers could be the result (PDMS) of Pl in PDMS. By using the Pl self-concentration of

of a limitation in the rate at which micelles in the PDMS phase * p . . Y
- : = 0.45 given in ref 34 and the Fox equatio 1{{PDMS
can emulsify Pl homopolymer as they approach the mterface.‘iS ¢§,/Tgp| E (1 - d)s,)/TpDMS’ we obtaig an ef?ééive glazss

Experiments with a higher molecular weight copolymer o d%' -
(IDMS13) showed a dramatically slower relaxation of the drop {ransition temperature G (PDMS) = 173 K for a P! tracer

size than observed with IDMS1, making it impossible for us to 1" PDMS. A friction coefficientip(PDMS) = 1.2 x 1077 at
obtain reliable measurements of equilibrium interfacial tension, 298 K is then obtained from the WLF ecLuimon, using the
We suggest that this could be the result of dramatic decreaseProcedure and WLF parametefs? = 10.8,C2% = 51.1 K and

with increasing molecular weight of the rate at which micelles &g’ = 5:6 dyn s/cm for pure PI given in ref 35. An analogous
can be destroyed at or near the interface. calculation was used to estimate the friction coefficient of PDMS

in Pl (which we found to be negligible compared to that of PI
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Joseph in the Aerospace Engineering and Mechanics Departmen®.43 and published WLF coefficients.
of the University of Minnesota for allowing our extensive use The diffusion coefficienDn, for spherical micelles in PDMS
of his spinning drop tensiometer, and Laura Copp and Zachary can be estimated from the StokeSinstein equatioy, = KT/
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of Minnesota, the RTP company, and the Minnesota Super- for a series ofgyN = 12 with the homopolymers of equal length

computing Institute (MSI). Na = Ng = fgNc, which are similar to the series of PI/PDMS/
) ] o IDMS systems discussed in subsection 3.3. The hydrodynamic
Appendix A. Analysis of Copolymer Diffusion radius has been taken (somewhat arbitrarily) to be the radius at

In this appendix, we quantitatively analyze the kinetics of which the local volume fraction of the copolymer corona block
diffusion of copolymer to, and sometimes through the-Pl  drops to 10%. In Figure 11, we show predictions for the radii
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10" — , . , 1000 micelle diffusivity is assumed to be negligible, in which case
the flux to the interface is controlled by the rate of free
10°F ¢ 1 900 copolymer diffusion across an exclusion zone. In the second
1 800 approximation, the cmc is assumed to be negligible, in which
case the flux is controlled by micellar diffusion.
1 700 In the limit of negligible micelle diffusivity, but non-

negligible cmc, the flux to the interface is equal to the rate at
which micelles are dissolved along the moving edge of an
1 500 exclusion zone. The width(t) of this zone was shovéA to

| 400 initially increase afi(t) = /2Df "¢ ondbmo WhereDf PV is

the free copolymer diffusivity in PDMS, anpho = ¢c — deme
1 300 is the initial volume fraction of copolymers in micelles in
PDMS. We consider the evolution of the excess volun(g

1 600

R (A)

"I 200 of adsorbed copolymer per unit area of interface. This quantity
1077 ‘ ‘ R S 100 has units of length, and was denot&dby Shull, Kramer and
05 05 06 065 07 075 co-workers¥™=39 In the limit discussed herd;(t) is given by
fa the productl'(t) = ¢moh(t). EquatingT(t = 7acd with the

Figure 11. Calculated dimensionless rat@2 and the hydrodynamic ~ equilibrium value I'c;,c Obtained above the cmc yields an
radii of swollen micelles (dotted lines) and unswollen micelles (dot estimated accumulation time
dashed lines) as functions Hf for a series of polymers withsNc =

Na = Ng =70 andech =12. T 2
both of swollen micelles in a two-phase t tem, in which AM Taee = e, @)
oth or swollen micelles In a two-phase ternary system, in wnic m 2Df ¢cm(¢m0

Pl is emulsified in the core of each micelle, and of unswollen
micelles in binary mixtures of the copolymer and PDMS, uUsing an estimated interfacial excessI@fc = 6 nm (which
without PI. _ _ . we obtained from SCFT for a symmetric diblock similar to
The predicted radius of a swollen micelle divergesfas IDMS1 in P14/PDMS1) hcme = 0.0003 (which we obtain from
approaches 0.5, causing the predicted micelle diffusivity to Figyre 5), and a diffusivityD!®™° = 6.1 x 109 cn¥/s
approach zero. The assumption that the copolymer forms estimated in appendix A.1), we predigke = 2.3 min for¢c
spherical micelles that reach their thermal equilibrium radius = 9.001 andraec = 1.0 min for¢c = 0.002.
is, however, dubious in this limit, both because of kinetic | the opposite limit of negligible cmc but non-negligible
constraints on the amount of P1 that can be absorbed by micellesmicellar diffusivity, the flux to the interface approaches the
before they are destroyed, since the Pl must diffuse through giffusive flux of an initially homogeneous distribution of
the PDMS matrix to reach the micelles, and because the mjcelles to an absorbing boundary. This yields an interfacial
equilibrium structure in this parameter regime appears to be Acoveragd(t) = ¢le in which Dn is the diffusivity of

bicontinuous rather than a droplet microemulsion. micelles in PDMS. Settin@(t) = I'emc yields an accumulation
A.2. Accumulation of a Monolayer. We now estimate the

amount of time required to accumulate a nearly saturated

copolymer monolayer by diffusion of copolymer from PDMS 2
to the interface. In the spinning drop experiment, the dynamics lim 7,,.= __¢cme (4)
of interfacial adsorption is complicated by the fact that the Peme 0 2Dm¢m02

interfacial area of the drop increases in response to decreases
in interfacial tension, thus tending to slow the increase in Taking I'eme = 6 nm andDy, = 1079 cm?/s yieldstae = 19.2
adsorbed copolymer per area. In addition, the accumulation of min for ¢c = 0.001 andraec = 3.2 min for¢c = 0.002.
a monolayer could be slowed by limitations on the rate at which ~ These estimates suggest that, in our experiments with
micelles can dissolve at or near the interface. Here, we estimatelDMS1—-IDMS12, accumulation of copolymer at the interface
the time required to accumulate a nearly saturated monolayeris controlled primarily by molecular diffusion across an exclu-
at a hypothetical interface of fixed area, in the diffusion- sion zone, though micellar diffusion is not completely negligible.
controlled limit of fast micelle dissolution. The resulting The predicted accumulation times @fc= 1 — 2 min for ¢¢
prediction is thus expected to underestimate somewhat the time= 0.001 - 0.002 are somewhat less than our estimated drop
required for the drop to equilibrate, and to underestimate it equilibration time of 16-20 min. This relatively small discrep-
dramatically if the rate of accumulation is actually controlled ancy could be the result of an inaccuracy in our estimate of the
by the rate of micelle dissolution. tracer diffusivity of IDMS in PDMS, which has not been
Inref 22, it is shown that, if micelle dissolution and interfacial independently measured, or a result of the limitations of our
adsorption are rapid at the cmc, transport of copolymer to an model (e.g., our assumption of very fast micelle dissolution
initially bare interface must generally occur by a combination reactions). It could also easily be the result of inaccuracy in
of free copolymer and micellar diffusion: The copolymer must our estimate of the drop equilibration time, due to a lack of
be transported by free copolymer diffusion across an “exclusion drop diameter data at early times in systems with added
zone” near the interface, in which the copolymer concentration copolymer. Further experiments that focus on the evolution of
falls below the cmc, but must be transported to the edge of this the drop diameter at early times in the presence of a copolymer
zone by micellar diffusion alone. The time required to ac- additive would be useful.
cumulate an interfacial monolayer may be controlled by either  Similar reasoning can be used to estimatefor experiments
free molecule or micellar diffusion and may be approximated with the longer IDMS13 copolymer. Becauggn: [ € #\e, the
by the smaller of the time estimates obtained from two predicted cmc for IDMS13 is extremely lovgeme ~ 107°.
complementary approximations. In the first approximation, Copolymer transport is thus controlled in this case by micellar
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108 , , much less than that required for copolymer to diffuse throughout
the drop but greater than that required to accumulate a nearly
time-independent interfacial coverage. As shown in ref 22, the
interfacial tension will generally reach a time-independent value
during this time regime. This value may, however, correspond
10% ¢ 1 either to the equilibrium value above the cmc, if he> peme

in PDMS near the interface, or to a higher nonequilibrium value,
if pc < ¢demcNear the interface as a result of a depletion caused
by continuing diffusion of copolymer into the drop. The choice
between these scenarios is determined by the value of a

t (hr)

1 ] . )
10 dimensionless parameter
Pl
Q: Df ¢cmc 2 (6)
DPDMS ¢mOK
10° : : m
107 102 107" 10° boms, Pl N - _
v (mN/m) whereK = ¢ 1¢¢ is the partition coefficient relating the
Figure 12. Timet for copolymer to diffuse to the center of a drop in conqentratlons of free copolymer on th.e PDMS and Pl sides of
a spinning drop tensiometer as a function of interfacial tengicfhe the mterfgce. IfQ > 1 the concentration of free copoly.mer'
drop diameten(y) is taken to be the final diameter of a Pl drop in a near the interface will be depleted below the cmc, resulting in
PDMS matrix rotating at 6300 rpm. a nonequilibrium interfacial tension. Note ti@t< 1 will always

be obtained in the limiK—co in which the copolymer becomes
insoluble in the drop.

The partition coefficientK can be derived from Flory
Huggins theory, which yields

diffusion. Neither the micelle diffusivityDn, for this longer
copolymer nor the effective interfacial thickne$gm: are
expected to differ dramatically from those of the smaller
IDMS1—-IDMS12 copolymers in the same PDMS matrix. If we

assume, for simplicity, that both the micelle hydrodynamic 1 1

radius and cmc increase as roughly’N, we obtain an estimate In K = yN(fs — fs) + Nc (N_ - N_) (7)

of 7accfor IDMS13 that is larger than that obtained for IDMS1 A B

in the limit ¢eme — O by only a factor of 2/2, giving zace ~ 50 For systems similar to those studied here, in which a copolymer

min for ¢c = 0.001 andracc ~ 10 min forc = 0.002. These it ¥Ncfz = 12 is mixed with symmetric homopolymers of
estimates are too small, and too similar to our estimates for thelength Na = Na = Ncfs, we obtain a partition coefficiert =

smaller copolymers, to explain the observed drop relaxation 1 ot fo = 0.5, andK = 457 atfs = 0.6. Forfs = 0.6, the

times of greater than 2@nin for systems with IDMS13. Possible copolymer becomes essentially insoluble in PI.

explanations of this discrepancy are discussed in section 5. Our results forQ2 as a function of are shown in Figure
A.3. Diffusion Through the PI Drop. We next consider 11, for a set of systems similar to IDMSIDMS12. For

whether the time scale of our experiments allows sufficient time |, nswollen micellesQ < 1 for all values offs. The fact thaQ

for free copolymer to diffuse from the PI/PDMS interface to 1 for very asymmetric copolymers is a reflection of the fact

the center of the PI drop. The time for copolymer to diffuse a¢ sufficiently asymmetric copolymers become insoluble in
from the interface to the center of a long cylindrical droplet of p| ¢ thatk > 1. For swollen micelles. the divergence of the

diameterd is given by micelle radius af, — ¥, causes the micelle diffusivity to vanish,

2 Pl and thus cause3 to diverge in this limit. Despite this, however,

t= d7/4kD; ®) we find Q > 1 for swollen micelles only for a very narrow

) . . range|fa — 0.5 < 0.001. If we ignore the predictions for almost
wherek is a numerical prefactor. We obtain a valuekcf 5.8 perfectly symmetric copolymers (which yield > 1 only if

by takingt to be the relaxation time of the slowest decaying \ye take seriously the idea that copolymer will form enormously
eigenmode in an expansion of the concentration field in an gyo|ien spherical micelles), the above analysis suggests that
infinite cylinder in terms of zeroth order Bessel functions (i.e., he copolymer concentration in PDMS should never be depleted
the first zero of the Bessel functiak(kR) occurs at kKR)? = below the cmc by diffusion into the drop.

5.8R?). We take the drop diameterin eq 5 to be the final

diameter of the drop in a spinning drop tensiometer, which is References and Notes
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