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Hollow polymer spheres synthesized from a vesicle-directed poly-
merization can be dried and redispersed in water using a variety of
nonionic ethoxylated alcohol surfactants as stabilizers. The final
dispersions consist of both polymer shells and surfactant micelles,
which remain together in colloidal suspension for at least several
months. Small-angle neutron scattering (SANS) is used to measure
the polymer shell thickness (63 A) and core radius (560 A) of the
surfactant-stabilized hollow polymer spheres in the presence of sur-
factant micelles. Characterization by SANS provides information
about the surfactant bilayer and polymer shell thicknesses which
were previously unattainable.  © 2002 Elsevier Science

Key Words: small-angle neutron scattering; vesicle; polymeriza-
tion; nanostructured particles; templating.

INTRODUCTION

Submicron hollow spheres are potentially useful in a varj.
ety of applications ranging from catalysis to controlled relea

(1). Their large surface area and ability to compartmentali

the agueous domain on small length scales make these parti

particularly attractive.
We have shown that hollow cross-linked polystyrene sphe
can be templated from equilibrium vesicle phases (2), as outli

a morphosynthetic process where the monomer and its sub[se—
quent polymeric product appear confined to the vesicle bilay
The hollow polymer spheres are typically isolated by dialysis il’rl]
methanol and completely dried. The hollow polymer morphojs
ogy is quite different from the structures obtained by others fQ

the polymerization of styrene and divinyl benzene in differe
surfactant vesicles (3).

Resuspension of these hydrophobic particles in water is possly
ble after appropriate functionalization of the surface. Both su

fonation and adsorption of nonionic surfactant allow the h
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S?‘Iaication here of GEg, Ci5E23, Ci6E20, and GgEyg to produce

r
ne
in Fig. 1. Divinyl benzene, a hydrophobic monomer, swells tI"Ez

. . A ; ; ec
bilayers in an equilibrium vesicle phase. Free radical polymer-

o . ) : Su
ization locks in the microstructure of the vesicle template in
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low spheres to be redispersed (2). Sulfonating the polym
surface creates an electrostatic repulsion between the partic
that induces stabilization. Nonionic surfactants promote stabi
ity through steric repulsion between the hydrophilic groups o
adsorbed surfactant monolayers. A schematic of a surfactal
stabilized polymer shell is shown in Fig. 2, along with the twc
primary-length scales of shell thickness and particle diameter

Ethoxylated alcohol surfactants were chosen to stabiliz
the hollow polymer spheres in water because their hydroph
bic and hydrophilic character can be adjusted systematicall
Ethoxylated alcohol surfactants have the general formul
CHz(CHy);—1(OCH,CH,);OH, and are often referred to as
CiE;’s where 1" denotes the number of carbon atoms in the hy
drophobic tail and {” denotes the number of ethoxylate groups
in the hydrophilic head. We previously reported (2) the use ¢
Ci2Eg for resuspension of these hollow polymer spheres, but
is of interest to study the effect of changing the surfactant arch
ecture on the particle stability. In particular, we report the ap

8 gble aqueous dispersions of the polymer shells. The suspent
par?icles were characterized by small-angle neutron scatteri
%SSANS), which is a useful tool because both the shell thickne:
and particle diameter are in the range of 10 to 1800

icelles are present in the surfactant-stabilized dispersior
ause the critical micelle concentrations (CMCs) of thes
rfactants are low (ca. 5-3010° M) (4-6). Globular
micelles are expected to form in theE; solutions at ambient
emperatures for the concentration ranges explored here (7,
le presence of micelles complicates the characterization
e surfactant-stabilized hollow spheres with SANS, althoug
ANS has been successfully used to characterize a variety

v

solid particles covered with adsorbed surfactant monolaye

_14).

.Because the samples of interest contain polydisperse popu
ons of both hollow particles and micelles, the scattered inter
fity is usefully discussed in terms of a p-component mixture c

particles with different sizes (15):

[1]

p P
1(q) = Zza/ninj fi(a) fj(a)S; (q).
]
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whereAp is the scattering contrasty, is the micelle volume,
Ris the radius, angh (x) = [sin(x) — x cosk)]/x2.

The geometry used to represent surfactant-stabilized polymr
shells consists of an aqueous core surrounded by the polyn
layer and two surfactant monolayers (Fig. 2). For this geometr
the scattering amplitude is

3. Hollow Polymer
Sphere with Surfactant

1. Vesicle 2. Monomer Swollen
Vesicle

. R) . R
fp = 3(po — p1)Vo JléqR) ) +3(p1 — p2)V1 Jléqul)
. R2 . R
_ +3(02 — p3)V2 na) 1(§qu ) + 3(p3 — pa)V3 19%) 1((qu33)' [4]
4. Dry Polymer Spheres 5. Surfactant-Stabilized Aqueous
(isolated by methanol dialysis) Dispersion of Polymer Shells

. - o _ The indices 0 through 4 designate the radii and scattering lenc
FIG.1. Schematic summary of catanionic vesicle-directed synthesis of h(():l_ L. . :
low polymer spheres described in Ref. (2). ensities of the core, inner surfactant shell, polymer layer, out
surfactant shell, and solvent, respectively.
The partial structure factor§; s, in Eq. [1] can be calculated
The particles of each indexed size are described by a numBBlytically by using a hard-sphere interaction to describe the i
density, n, scattering amplitudef, and partial structure fac- terparticle potential and the Percus-Yevick closure relationsh

tors, S. The geometries of these structures are illustrated iy Order to solve the Ornstein-Zernicke equation. Expressior
Fig. 2. for the partial structure factors under these conditions have be

The scattering intensity is a function of the wave veotpr, dgtermined by Vrij for polydisperse populations of Schulz dis
which in turn depends on the wavelength of neutranand the ~ tributed spheres (16).

angle of scatteringg: The bimodal distribution of the outer diameters of the sur
factant micelles and hollow polymer particles was modele

AT\ . (6 using two separate Schulz distributions. The scattering amp

= (T) sin (5) [2]  tudes and partial structure factors were determined for the m

celles and polymer shells from each distribution so that th

Nonionic micelles are typically modeled as spheres with$¢attered intensity could be calculated (Eq. [1]). Several p

constant contrast or as a hydrocarbon core with a hydrophifRmeters are required in order to calculate values of the sc

shell, each with their own respective contrasts. The micelle sctgred intensity from Eq. [1] and these parameters were obtain

tering observed here was adequately described by either mo##ifitting experimental SANS data with this “bimodal” model
so the simpler constant contrast model was implemented. Taigl adjusting the model parameters until the valug ofvas

scattering amplitudef (q), for a spherical micelle is minimized.
The micelles are described by their average radiig,(poly-
j1(@R dispersity Py), and density §m). These parameters were ob-
finicelle = 3A0Vimn——1—, [3]

tained in separate experiments wherein the scattering frc
micellar surfactant solutions was evaluated in the absence
polymer shells.

The structure of the hollow polymer particles is also describe
by three parameters: the average core radj} polymer shell
thicknesst), and polydispersityR,). The polydispersity in this
case applies to both the core and the shells because the rati
the core radius to each shell thickness is held constant. Calcu
tion of the excluded volume interaction needed for the structu
factor is based on the outermost radius (i.e., the core radius p
.:’;,J{A, shell thicknesses). The thickness of the adsorbed monolay:

‘fg‘;«, on the polymer shells was set equal to the radius of the nr
A,

gqR

celle formed by the given surfactant. The density of cross-linke
polystyrene was assumed to be 1.1 g/cc. The final parame
needed is the fraction dof; E; adsorbed on the hollow poly-

mer shells,f. This parameter describes the partitioning of the

FIG.2. Hollow polymer sphere with adsorbed surfactant layers (left) andgUrfactant between micelles and its adsorption on the polym
micelle (right) showing appropriate model dimensions for each. shells.
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MATERIALS AND METHODS 103

Scale Factor:
Octa-ethyleneglycol mone-dodecyl ether (&Eg) was pur- 10% - * o

chased from Nikko Chemicals Co. (Tokyo, Japan). Brij 3

Increasing Concentration

(~C12E»3), Brij 58 (~Ci6E0), and Brij 78 (~CigEz) were §101 | e
purchased from Aldrich. BD (99.9%) was obtained from 5 o
Cambridge Isotopes. All materials were used as received. T % , | X CeorPut
synthesis and materials used to make the hollow polymer sphe &
are described elsewhere (2). 2 101 -

To resuspend the polymer shells, 10 g of th&Csolution g
in D,O was added to the dry polymer powder in a 20-ml scir = 102 -

tillation vial. Although stable dispersions of the polymer shell
can be formed by shaking the;£Eg solution with the poly- @
mer particles, sonication is generally required to produce stal 103 102 101 100
solutions with the impure Brij surfactants. All of the sample Al

were sonicated for 15 min in an ice bath using a Heat Systeins 1A

Ultrasonics Model W-225 sonicator. The mixtures were thenrig. 3. SANS datal — B (intensity minus background) versgs for the
centrifuged fo 3 h at 25C and the supernatant was removed fai12Es micelles in 0. Open symbols are the data for 0.3 wt%Es (CJ),
SANS characterization. 0.5 wt% G2Eg (O), 0.7 wt% G2Eg (V). The solid lines are the polydisperse

The SANS measurements were made at the National mstitn?éd-spherg mogel simultaneously ﬁt to al[ three spectra 'using three adjustal
. . parameters: 26.2 radius, 0.14 polydispersity, and a density of 1.38 g/cc. The

of Standards and Technology ('\LIST) in Gaithersburg, MD. Atﬁhta are offset by the scale factors shown for clarity.
average radiation wavelength o6with a spread of 11% was
used. Samples were held at°25in quartz “banjo” cells with
1-mm path lengths. Three sample-detector distances were u_r?“
to give a range in scattering vector of 0.005 toA:5. The data
were corrected for detector efficiency, background, and em
cell scattering before placement on an absolute scale using N
procedures.

'|aimizing the average value gf? for four spectra (Fig. 4).

e fitted core radius, polymer thickness, polydispersity, an
6{ ction of GEg adsorbed were 568, 63 A, 0.39, and 0.50,

Irg,?pectively. The calculated scattering length density of the pol
mer is 15 x 10°% A~? (see appendix). From the fitted dimen-
sions and the measured weight of the polymer in each samy
RESULTS the excluded volume fractions of the polymer shells were calct

lated as 4.1, 6.7, and 9.4% for the 0.15, 0.25, and 0.35% weig
The three model parameters foy,Eg micelles were fit by si-

multaneously minimizing the average valug@ffor three spec-

tra (Fig. 3). The fitted radius, polydispersity, and density wel 10 T Scale Factor
26.2A, 0.14, and 1.38 gl/cc, respectively (the surfactant densi  10° 1 ",ﬁ‘l’gg
was incorrectly calculated in a previous paper as 0.92 g/cc) (=~ g |
These parameters were held fixed and incorporated in the mo g , 10
used to fit the scattering from surfactant-stabilized polymfg 10°1

shells. The scattering length density abEgis 24 x 1077 A=2 £ 102 - X1 S
(see appendix). Table 1 summarizes the modeling results for g 100 |

the SANS spectra. ‘
The bimodal scattering model was fit to SANS spectra froi é’ 10° 4
k|

various concentrations of 1gFg-stabilized polymer shells by £ 10+ -
102 -
TABLE 1 .
Summary of Adjustable Parameters Used for the 1o ; - - i
SANS Modeling 10° 10° 10- 10

a@&h
Micelle model
Hollow polymer sphere model

FIG. 4. SANS data] — B versug, for the G,Eg-stabilized hollow poly-
mer spheresin fD. Open symbols are the data for 0.15 wt%pEg and 0.15 wt%
polymer (), 0.25 wt% G»Eg and 0.25 wt% polymer®), 0.35 wt% GEg
CioEs 26.2 0.14 1.38 560 63 039 O and 0.35 wt% polymer\), and 0.35 wt% @Eg and 0.15 wt% polymer<s).
CuoEas 26.8 0.23 237 560 63 0.39 _ The solid !ines are the polydisgerse mult_iple shgll model discussgd in the te
C16Ea0 31.4 0.18 1.80 560 63 0.39  0.40 with four fitted parameters: 568 core radius, 637 polymer shell thickness,

CasE20 34.4 0.17 1.61 560 63 039 0.65 0.39 polydispersity, and a fraction QflgEg adsorbed of 0.5. The data are offset
by the scale factors shown for clarity.

Density
Surfactant Ry (A)  Poly. (glcc) Ry (A) ty(A) Poly. f
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fraction solutions, respectively. The area per headgroup of ¢ * 10
sorbed surfactant (3@2/molecule) can be calculated from the ,
fraction of GE; adsorbed,f. The same bimodal model was _ 10° 1
then used to fit SANS spectra from4E,3, C16E20, and GgExo- ”-E 102
stabilized hollow spheres by only adjusting the fraction #C =
adsorbed. The core radius, polymer thickness, and polydisp g 10" 4
sity were fixed at 5608, 63 A, and 0.39, respectively, since g" 10° 4
these should only depend on the structure of the polymer she &
themselves and not the type of surfactant chosen. In each ce ,;a 107 1
micellar scattering spectra are again needed to obtain the mice § 102
scattering parameters (radius, polydispersity, and density) us =
in the bimodal model. 107 +
Two Cy2E»3 SANS spectra, one with micelles only and one 104 . .
with hollow polymer spheres and micelles, were fit separately t 10° 102 101 100

minimizing x? (Fig. 5). The radius, polydispersity, and density 1
obtained from the micellar model fit were 2628 0.23, and a4

2.37 gl/cc. The fraction of (&; adsorbed used to fit the bimodal FIG.6. SANS datal — B versusg, for the GgEzo micelles and GeEzo-
model to the hollow sphere spectrum was 0. 55 correspondmapilized hollow polymer spheres in,D. Open symbols are the data for
to an adsorbed surfactant headgroup area oA®@nolecule. 0-65Wt% GeEzo (O), and for 0.65 wt% GsEzo, with 0.15 wt% polymer V).

The solid line through the micellar spectrumis a polydisperse hard-sphere mo
The scatterlng length denSIty of the surfactant used was4 with three adjustable parameters: 3A.dadius, 0.18 polydispersity, and a den-

7 2
10 A (see appendix). sity of 1.80 g/cc. The solid line through the hollow polymer sphere spectrur
Finally, the effect of the surfactant tail-group length can b the polydisperse multiple shell model discussed in the text. Here only tf

determined by comparing the results foggEyg and GgEyg. fraction of G2Ez3 adsorbed (0.40) is adjustable. The data are offset by a sca

Again two spectra, one with micelles only and one with polyméctor of 10 for clarity.

shells and micelles, were fit separately by minimizirtdFigs. 6

and 7). The radius, polydispersity, and density from the micellgffactant adsorbed for,§E>0 and GgE.o were 0.40 and 0.65

models of GeEzo and GgFao Were 31.44, 0.18, and 1.80 glcc corresponding to adsorbed surfactant headgroup areas of 70

and 34.4A, 0.17, and 1.61 glcc, respectively. The fractions a§g A2/molecule. Scattering length densities used fgyEz, and
CigE20 were 38 x 1077 and 36 x 107 A~? (see appendix).

10¢ 104
103 A 103
102 g 102 -
g g
'§ 10! | g 10! 1
o o
B
= 10° %" 100 -
2 a
é‘ 101 A J‘Z’ 107!
% 10-2 g 10-2
g |
102 10 A
10+ T T 10 7 T
103 102 10! 10° 103 102 101 10°
a@d’h a@h
FIG. 5. SANS data| — B versusq, for the G2Ez3 micelles and @Ez3- FIG.7. SANS datal — B versusq, for the GgEzo micelles and @gEzo-

stabilized hollow polymer spheresinD. Open symbols are the data for 0.7 wt%stabilized hollow polymer spheres in,D. Open symbols are the data for
Ci12E23 (O), and for 0.7 wt% GEz3, with 0.15 wt% polymer ¥). The solid  0.67 wt% GgE»p (O), and for 0.67 wt% @gEzo, with 0.15 wt% polymer V).

line through the micellar spectrum is a polydisperse hard-sphere model writhe solid line through the mlcellarspectrum is a polydisperse hard-sphere mo
three adjustable parameters: 2&8ad|us 0.23 polydispersity, and a densitywith three adjustable parameters: 34, fadius, 0.17 polydispersity, and a den-
of 2.37 g/cc. The solid line through the hollow polymer sphere spectrum is thigy of 1.61 g/cc. The solid line through the hollow polymer sphere spectrur
polydisperse multiple shell model discussed in the text. Here only the fractinthe polydisperse multiple shell model discussed in the text. Here only tt
of C12E»3 adsorbed (0.55) is adjustable. The data are offset by a scale factofrattion of G E»3 adsorbed (0.65) is adjustable. The data are offset by a sca
10 for clarity. factor of 10 for clarity.
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DISCUSSION 104

Several groups have characterized micelles with SANS =~ 10° 1

and obtained radii of 32, 36, and 30(8 17, 18). These values g 10°

are slightly larger than the value ofMeported here and may be E

explained by the higher concentrations used in the other studie g 10' -

Scheferet al. (19) reports a radius of gyration for,§Ez of 3 .

32 A from SANS, which is larger than the value of 2dfor the n 1071

radius of gyration hereRy = 0.77 x Rp) (20). Other studies of g 0]

micellar size with quasielastic light scattering (QELS) (21) and g

optical probes (22) generally found radii ca. 1.5-2 times large! = 1024

than those from SANS, probably because of the differences ii 10° ' .

the treatment of polydispersity and hydrodynamic effects. 10 102 10 100
The bimodal model captured the characteristics of a variety o 1

spectrainvolving different particle concentrations and surfactan. a(A™)

types. The core rad'us of the polymer She”S extracted from thQ:IG 8. Comparison of SANS spectra from catanionic vesicles (0.7 wt%
model fits was 566 in comparison to a 608 radius previously CTAT and 0.3 wi% SDBSO) and G Es-stabilized hollow polymer spheres
measured using QELS (2). A slightly larger size is expected %15 wt% GEg and 0.15 wt% polymely). Note theq~? dependence of both
QELS measurements since the SANS model radius is the cohectra at loweq values as indicated by the straight reference line. The arrow
dimension of the polymer shells while QELS measures the Hjdicate the higig boundary of they# region for each spectrum.
drodynamic radius. Furthermore, the error in the model i3 (
to the SANS spectra obtained from the polymer shell dispersiddentical to that of an extended sheet (24). §hé region of an
did not strongly depend on the value of the core radius. Tableguilibrium vesicle SANS spectrum covers largeralues than
is a summary of the ranges of parameter values that causeaupANS spectrum from surfactant-stabilized polymer sphere
to a 5% change in the minimum? values. The dependence of(Fig. 8). The higheq limit of the g~2 dependence in the scat-
x2 on much larger core radii values was particularly weak, sutgred intensity varies inversely with the overall thickness of th:
gesting that SANS is not the most accurate method to determim@low shell. The surfactant-stabilized polymer particles hav
the diameter of such polydisperse spheres. thicker shells than the equilibrium vesicles since they conta
Independent measurement of the polymer shell thicknigss,an additional polymer layer. This thicker shell results in a drop
is not available. This parameter is required to calculate the eff of the g~2-dependent region at lowgrvalues (see arrows in
cluded volume fraction of the hollow particles from the knowifrig. 8).
mass of the particles in a given sample. A mass balance incorpoAt even higherg values, the SANS spectra for each of the
rating the density of the polymer, particle radius, particle polgurfactant-stabilized polymer shell dispersions drops off at
dispersity, and shell thickness is used to calculate the excludate greater thag—*, which is indicative of diffuse Porod limit
volume fraction, and the overall fit is sensitive to the valug pf scattering (Fig. 4) (25). This suggests that the interfaces of t
in contrast to the value of the core radius. Changes in the vap@ymer shell are diffuse, much like the case for catanionic ves
of t, had a dramatic impact on the shape of the SANS modelcles (23), diffuse polymer interfaces (26, 27), angkg bilayers
An interesting feature of the scattering from equilibrium vesi25).
cles (23) and these polymer shells ig@ dependence of the  In the fitting of the bimodal model presented here, the core ¢
scattered intensity at smallgrvalues (Figs. 4 and 8). This oc-the hollow spheres is assumed to b&€DDuring the fabrication
curs when the shell thickness is much smaller than th® D process, the hollow spheres are filled witfG-before drying. If
core of the scatterer (i.et,< R,). The shell scattering is thenthe cores of the dry particles are empty, the@Bhould fill them

TABLE 2
Model Parameter Values Corresponding to a 5% Increase in the Minimum x? Value
Micelle model Hollow polymer sphere model
Surfactant Rm (A) Polydispersity Density (g/cc) Ry (A) ty (,&) Polydispersity f
Ci2Es 26.1-26.3 0.14-0.15 1.38-1.39 550-585 60-65 0.38-0.41 0.46-0.t
Ci2E23 26.7-26.9 0.23-0.23 2.35-2.38 550-585 60—65 0.38-0.41 0.47-0.€
C16E20 31.3-315 0.17-0.18 1.65-1.81 550-585 60-65 0.38-0.41 0.40-0.4

CigE20 34.4-345 0.17-0.17 1.60-1.62 550-585 60-65 0.38-0.41 0.64-0.¢
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when they are resuspended. On the other hand, if the polymer APPENDIX

shellis impermeable to water, the composition of the core would

be unknown. SANS spectra from polymer shells could not be fit Scattering length densities (SLDs) can be calculated from tt
using the same bimodal model with the assumption that the cofeéowing equation,

were filled with HO instead of DO, suggesting the polymer

shells are indeed permeable to water. SLD — 2. b

The model also describes one monolayer of surfactant ad- Y
sorbed to each side of the polymer shell (Fig. 2), again under the
assumption that the polymer layer is permeable. If the polymehere ‘i” is an index for each atom of the molecul®,is the
shellisimpermeable to surfactants, then nEQould penetrate scattering amplitude of the-th atom, andv; is the volume
the inside of the hollow shells, butinstead a surfactant monolayarthe i -th atom. The values dfi andv; have been tabulated
from the initial catanionic vesicle templating process (Fig. fpr many atoms (28). For carbon, hydrogen, and oxygen t
would be trapped inside. A similar bimodal model that incorpscattering amplitudes are@®5x 10°*, —0.374x 10~*, and
rated only one surfactant monolayer on the outer surface of #1880 x 10~ A, respectively. Molecular volume can be calcu-
polymer shells could also successfully fit the observed SAN&ed from the density of a given substance. The densities us
spectra. The only difference in the fitted parameters obtaintd C1oEg, C12E23, Ci6E20, C18E20, and the polymer were 0.99,
using this single surfactant monolayer model is an increase th6, 1.04, 1.04, and 1.10 g/cc. From these densities molecu
polymer shell thickness, but the overall shell thickness (polyolumes of 900, 1900, 1800, 1800, and Z00were calculated.
mer and all surfactant layers) is unchanged. Thus these SARN® scattering length densities are theh2 1077, 4.4 x 1077,
experiments alone cannot conclusively determine the exact coinx 1077, 3.6 x 107, and 15 x 10~ A~2, respectively. The
position of the polymer shells, although contrast variation egcattering length density of JO used for all calculations was
periments could be used to examine the polymer shell and thd x 10°° A=2.
adsorbed surfactant layers independently. Background intensities for each spectrum were obtained fro

It is clear that a hollow structure exists due to both the suthe slope of a Porod plotl (x q~* versusq~*). These values
cess of modeling the SANS spectra with a core-shell geomewgre subtracted from the raw scattered intensity to correct fi
and theq=2 dependence of the spectra at lowevalues. This background scattering prior to modeling.
compliments cryogenic transmission electron microscopy pic-
tures which clearly depict hollow structures in dispersions of the ACKNOWLEDGMENTS
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