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Surface induced ordering of micelles at the solid-liquid interface
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The surface induced ordering of triblock copolymer micelles in aqueous solution was measured with neutron
reflectivity far above the critical micelle concentration. The scattering length density profiles showed a clear
indication of ordered layers of micelles perpendicular to a quartz surface. The structure and interactions of the
micelles were modeled in detail. The convolution of the center distribution of the micelles, obtained from
Monte Carlo simulations of hard spheres at a hard wall, and the projected density of the micelle showed
excellent agreement with the experimental profi[&L063-651X%98)06712-9

PACS numbdps): 61.41+e€, 61.12.Ha, 61.43.Bn, 68.45v

Amphiphilic block copolymers composed of two or more Carlo (MC) simulations of hard spheres at a hard wall. In-
blocks with different degrees of hydrophobicity self- sight is thus obtained on the micellar structure and the inter-
assemble in aqueous solution. The hydrophilic blocks repehctions between micelles.
each other, whereas the hydrophobic blocks strongly attract The neutron reflection measurements were performed at
each other. These opposing interactions make it favorable fdhe reflectometer TAS8 situated at the reactor DR3,/ Riso
the block copolymers to aggregate as, e.g., spherical mNational Laboratory, Denmark. The setup provides neutrons
celles, rodlike structures, or bilayers. The structure of thevith wavelengthx=4.75 A with a relative bandwidth of
aggregate is a delicate balance between the ability to keep\/A=1%. The polymer solution is kept in an approx-
the hydrophilic part dissolved and the hydrophobic partmately 5 ml Teflon enclosure, 1 mm deep and 94 mm long
shielded from the solvent and packing constraints. Severgiovered with a 10850x10 mn? lid of single-crystalline
external parameters, e.g., composition, temperature, and cofiyartz. The cell is contained in a thermostated aluminum
centration in solution, influence the degree of hydrophobicity?0%: Which can be controlled within 0.3°C. In the experi-
of the blocks. Consequently, attention has been given to fu'€nt the neutrons traverse the crystal after entering the
damental studies of the large diversity of bulk phases tha mallest face of the crystal, reflect_off the sol_ld-llqwd inter-
occur as a function of these parameters. ace, and are detecte_d. The tech_mque benefits from the fact

The studied triblock copolymer P85 consists of 40 centrathat quartz and alumlnum_a_re V|rtuf':1lly transpargnt to neu-
blocks of propylene oxidéPO) with two symmetrical ends rons. The specular reflectl_vlty provides information on the

bropy : ) SY . length density differences along the surface nor-
of 25 segments of ethylene oxideO). Since ethylene oxide scattering leng Y g
mal. As a solvent we use heavy water,(0) due to the

is only weakly hydrophobic at temperatures below apprOXi'contrast with respect to the block copolymers and the low

mately 70 °C and propylene oxide is hydrophobic above apjcoherent scattering. Because of the high weight fraction of
proximately 15°C, the copolymer aggregates in aqueous SQsolymer in solution, the micelles in the bulk solution give
lution, e.g., as spherical micelles, hexagonal rods, or prolatfse to considerable small-angle scattering, which is superim-
ellipsoids[1-3]. This rich phase diagram makes P85 an ideahosed on the reflectivity signal from the solid-liquid inter-
model system for investigations of the interactions betweemace. This signal has to be subtracted together with the back-
the block copolymers and a surface in aqueous solution.  ground. Figure 1 shows reflectivity data for three different
In the surface studies, the experimef#s-11] and simu-  concentration$15, 20, and 25 wt %eat 50 °C. For scattering
lations[12,13 have mostly been centered around the dilutevectors larger tha®,,,=0.07 A~! the interface related sig-
solutions of block copolymers close to the critical micelle nal is indistinguishable from the background limiting the
concentrations. In this study we focus our attention on higheresolution in real space to about X8/, i.e., 25 A[14].
concentrations where the aggregation of copolymers is pre- The reflectivity curves show a broad peak, the position of
dominant in the bulk. which varies systematically with concentration. Similar pro-
We present results from neutron reflectivity measurefiles have previously been seen in, e.g., surface ordering of
ments in the concentration range between 15 and 25 wt % ahicro-emulsiong6,15]. The reflectivity data were initially
a temperature of 50 °C P85 in aqueous solution, where P8analyzed by a free-form methdd6]. The scattering length
forms spherical micelles. In addition we demonstrate that idensity profile is expressed as a series of clbsplines the
is possible to model the profile using the results from Monteamplitudes of which are found from a constrained nonlinear
least-squares fit to the reflectivity curve, calculated from dy-
namical theonf17] and smeared with the instrumental reso-
*Present address: Princeton Materials Institute, Princeton Univedution. All the profiles show oscillations that decay away
sity, Princeton, NJ 08540. from the quartz surface as shown in the bottom insert of Fig.
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with the normalized projected radial scattering length density

100 80 1 . ; - )
o of either a solid spherfl] or the more realistic solid sphere
10-1¢ g ' with tethered Gaussian polymer chaji$].
w02l g From bulk measuremenf49] it has been shown that the
. o dissolved ethylene oxide chains can be mimicked by Gauss-
103} Vv 2] ian polymer chains attached Rt- Ry, whereR and Ry are

the radius of the solid sphere and the radius of gyration,
respectively. The calculated projection of the radial density
B ] of 25 ethylene oxide monomers attachedRat60 A with

oo ’ — ] Ry=10.8 A[20] was parameterized and properly scaled to
take into account the variation in the radius of the sphere.
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S 109} e e z ] Thus, for the weighting of the two parts in the final expres-
3 T N sion for the normalized projected scattering length density of
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wherep""" and pg- " are the normalized scattering length
density distribution of the tethered chains and the solid
sphere, respectivelisee Fig. 2, Vit ppothe volume in the
micelle, andApgg po the excess scattering length density
Scattering Vector Q (A) with respect to quartz of each of the two constituent parts. As
a last step the scattering length density of the solvent has to

FIG. 1. The background corrected reflectivity profiles for 15, 20, yo taken into account to obtain an expression for the model
and 25 wt % P85 in aqueous solution at 50 °C. For 15 and 20 wt 9

i . .
the model fit(solid sphere and tethered chairns the reflectivity broflles. Hence, we obtain
curve is shown as the solid line. The corresponding scattering Tt
length density profiles are depicted in the insets, where the solid Pm:APfluid_(Apfluid_l)f prmic(x,R)
line and the dashed line are the model with and without tethered e
chains, respectively. The free-form fit to the reflectivity curve is
shown as the solid line for 25 wt % and the corresponding scattering X priswl (2= Zonsed =X, R, Rys/R, 7]dx.
length density profile as points in the insert. The solid line in the
insert is the real space fit to the free-form profile of the model
including tethered chains.
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Here, p,, is in units of the scattering length density of the
bulk micellar liquid and the center distribution of micelles,
PHsw, IS appropriately scaled with the hard-sphere interac-
tion radiusRys. Furthermorez,,e;marks the onset of the
1. Because of the higher scattering length density of the sohard-sphere ordering. The convolution integral is depicted in
vent (pp,0=6.4x10"° A~?) compared with that of the mi- Fig. 2 for the parameters obtained for 20 wt% at 50 °C.
celles (ppgs=0.5x10"¢ A~2), each minimum in the profile The leading edge of the scattering length density profile
represents a micellar layer. Hence, the scattering length demvas modeled by an error function. The model parameters
sity profile can be interpreted as micellar layering with de-were optimized by a nonlinear least-squares fit to the reflec-
creasing positional order along the quartz surface normal. tivity data calculated from dynamical theory and smeared
In order to obtain information on the structure and thewith the instrumental resolution. The initial conditions were
interactions between the micelles we have performed a desbtained from direct fitting to the free-form scattering length
tailed modeling of the profiles. From self-consistent field cal-density profiles. The model agreed excellently with the ex-
culations[18] and experimental bulk studigd,19] it is  perimental reflectivity curves for 15 and 20 wt% at 50 °C,
known that a hard-sphere potential gives a reasonable d&hereas a fit of the same quality could not be obtained for 25
scription of the interactions between micelles. We havewt % as seen in the inserts of Fig. 1. The results from the fits
therefore performed MC simulations of hard spheres at @f three concentrations 15, 20, and 25 wt% at 50°C are
hard wall with a hard sphere volume fractigiranging from  tabulated in Table I.
0.049 to 0.46(See Fig. 2 The density distribution of the Very good agreement is found between the volume frac-
centers of the hard spheres in the direction perpendicular thons » obtained from the model and from bulk measure-
the surface was sampled as a function of the volume fractioments[1]. The hard-sphere interaction raijis and the radii
» and afterwards parametrized. To include the form of theof the solid sphereR, hence the aggregation numbe\g,
micelle in the model, the center distribution was convoluted= % wR3/VppoWhereVppois the volume of a polypropylene
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FIG. 2. The different parts in the model calculation. The left-hand side shows the parametrization of gezr)saf hard spheres at a
hard wall obtained from Monte Carlo simulations as a function of the volume fragtiand distance from the surface. The inset depicts
the normalized scattering length densities of the projection of the sphere, the tethered chains, and the combination. The convolution is
depicted on the right-hand side. The 20 wt % val(sggshere with chainswere used in the calculation.

oxide block, are slightly smaller than the corresponding bulk The close agreement between the models and the experi-
values. The interaction radilR,s can be considered equal mental profiles confirms that the interaction between the mi-
for the two models, whereas a change is seen in the radius 6elles is hard-sphere like. Monte Carlo simulations of hard
the solid spherécore radiusR. The difference is caused by spheres at a hard wdl21] have shown that the hard spheres
the fact that without the chains the solid sphere also has tare confined in their motion perpendicular to the surface in
mimic the chains and thus becomes larger. The differencte near vicinity of the wall. Furthermore, the simulations
between theR,,s andR is a measure of the influence of the _suggested a pre—crystalllzatlc_)n or a solid-liquid coexistence
chains. The tethered chains will contribute with roughly two !N the innermost layers. The inability of the mOdEI to repro-
times the radius of gyratioR, to the hard-sphere interaction duce the amplitudes in the profiles of the 25 wt% solution,
radius of the micelle assuming that the PEO chains canndgggha'r? gltehne sbt(r)cr)?lzre‘r)fp}:]:crt')ycs(';arlrl]ilzcaetlilgg rtehgalﬁnfhrglgrsgjglg}s
\F/)v(iat?iart\ritg g]eincggh-rcr;g’;o ITO(?:\?;BEZRI% agg?gg dzgqree able to describe. Another possibility is surface ordering of
in both models suggesting that the tetheregd chains a';': m0d|sordered bcc micellar bulk polycrystallites. From small-

. , : %hgle neutron scattering measurements of P85 in Couette
extended than Gaussian chains. The extension may be cau metry it has been shown that the polycrystallites can be

side the chain itself, which effectively extends the polymeryowever, shear flow reflectivity measuremeri0] in

chains. Pouseille geometr{23,8] showed no additional peaks in the

The value obtained for the surface roughness of the solidreflectivity profile indicative of the formation of a single
liquid interface, 5-2 A, is below the resolution of the ex- crystal. Consequently, we see no indication of formation of
periment and can thus only be related to the general form dfulk crystallites for 25 wt% P85 in solution close to the
the initial peak and not the true surface roughness. crystallization border.

TABLE |. Results from the model fitting of the reflectivity data from the triblock copolymer P85 at
50 °C. The solid sphere model is compared with values from bulk measurefiénts

wt % Piuid R Rus ] Nagg R+2R;  R™< Ry
(10°A A A A) A) A)
Solid spheres 15 6.06 45 71 0.31 97 66 53 81
20 5.62 41 67 0.35 77 63 52 78
25 5.80 42 63 0.47 81 64 51 76
Solid spheres 15 6.06 41 72 0.33 73 62
with tethered 20 5.65 36 68 0.39 50 57

chains 25 5.80 32 63 0.47 35 53
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The volume fraction of P85¢, at the surface, which is suggested to be an inherent property of quartz crystals
calculated frompy,ig=(1— #)pp,o+ dppes, is reduced to [25,26]. Suggestion$5] concerning the adsorption of hemi-
less than approximately 50% of the bulk solution value. ifSpherical micelles at the quartz surface is not supported by

only EO is present close to the surface, the same result gurltmgzst;gg;nzgtr?onstrated that detailed modeling of block
obtained. This indicates a possible depletl_on layer close_ toopolymer micelles at a surface is possible and prgvides ex
the surface of the quartz crystal. The formation of a depletio ensive information of micellar structure and interactions
layer has previously been seen in a molecular dynamic"s_| rd-sphere ordering at th lid-liquid interf Xists in j
study[24] of the aggregation of amphiphilic molecules in a s;fstenswpo? r?]igellis gtaconcee?]?ratioﬂg far §b§\?§ tehescsriticaal

oil-water-surfactant system. The ordering of micelles oc-’. .
. . ) micelle concentration. The approach can be extended further
curred in the water phase at a distance from the oH-wateq

interface. This depletion layer suggested a short-range repu9 cover e.g. microemulsions. However, microemulsions of-
. . . . ten have large polydispersity which has to be included in the

sion, a solvation force, between the micelles and the mono- del
layer of surfactant at the oil-water interface. With the presen{n odet.

resolution of the experiment it is not possible to discern

whether PEO adsorbs to the surface as unimers and a deple- We are grateful for the support given to us by the techni-

tion layer is formed or EO directly adsorbs from the mi- cal staff at RigdNational Laboratory. M.C.G. is supported by
celles. The low volume fraction at the surface might signifythe Danish Research Academy. G.S. is supported by the U.S.

the competition between the adsorption of water and EO aDepartment of Energy under Contract No. W-7405-ENG-32

the hydrophilic quartz surface. A depletion layer has beero the University of California.
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