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The temperature dependence of the micelle structures formed bysiyogneb-isoprene (SlI)

diblock copolymers in the selective solvents diethyl phthalBteP) and tetradecaneC14), which

are selective for the PS and PI blocks, respectively, have been investigated by small angle neutron
scattering SANS). Two nearly symmetric Sl diblock copolymers, one with a perdeuterated PS block
and the other with a perdeuterated Pl block, were examined in both DEP and C14. The SANS
scattering length density of the solvent was matched closely to either the core or the corona block.
The resulting core and corona contrast data were fitted with a detailed model developed by Pedersen
and co-workers. The fits provide quantitative information on micellar characteristics such as
aggregation number, core size, overall size, solvent fraction in the core, and corona thickness. As
temperature increases, the solvent selectivity decreases, leading to substantial solvent swelling of
the core and a decrease in the aggregation number and core size. Both core and corona chains are
able to relax their conformations near the critical micelle temperature due to a decrease in the
interfacial tension, even though the corona chains are always under good solvent conditions.
© 2004 American Institute of Physic§DOI: 10.1063/1.1812753

I. INTRODUCTION Fermi-Dirac type density profil8t Recently, a great deal of
_ _ . progress has been achieved by Pedersen and co-workers in
Block copolymer micelles have received much attentiong»ining analytical expressions for the form factor based on

in recent year$:?2 One appealing advantage of these SYSteMg onte Carlo simulation&®22-2" This model has been suc-

is their versatility; structural details may be tuned by chang—CeSSfully applied to various systems regardless of micellar

g the block composition, chain qrchﬂecturez solvent SeIeccharacterls,t|c$|.e., crew-cut or hairy micellgsand chemical
tivity, or temperature. They are typically described as a dense . . 172428
: : nature(i.e., aqueous or organic systems /2%
core of insoluble blocks and a diffuse corona of soluble ; . . . .
. : . Upon increasing concentration, spherical micelles pack
blocks, although solvation of the core is also possible de- ; bic lattice. Th i tructure has b h
pending on the solvent selectivity. One key effect of sol- onto a cubic fattice. The resutling structure has been shown

vent selectivity(or equivalently, temperaturés that the mi- to be either f"mgf_csg or bec lattice, depending on the intermi-
celles dissolve into single chains at a critical micelleC€llaf potentiaf?~**We have recently reported the thermor-

temperaturéCMT) as the solvent selectivity decreases. sev.versible transition from fcc to bee upon heating in several

eral studies have investigated the detailed structure of miPoly(Styreneb-isopreng (SI) dlbloglg copolymer solutions,
celles with varying temperature in aqueous solutibrs. in both S and I selective solverits:**By use ofin situ shear
Small angle neutroiSANS) and x-ray(SAXS) scatter- SAXS, this transition was found to be epitaxial, and the

ing are powerfu' techniques to Characterize mice”artra.nsformation mechanism has been described in &ét%l
structures® SANS has the particular advantage that the conOne interesting feature is that the transformation pathway is
trast can be readily adjusted by deuteration of the desiretflentical to that established in atomic systems. To investigate
block and/or solvent. However, in order to quantify the mi-the cause of this transition, i.e., why bcc becomes favored
cellar structure, a detailed fitting model is required. A num-over fcc upon heating, we characterized the micellar struc-
ber of studies have attempted to develop form factors foture with increasing temperature by SARFA core contrast
block copolymer micelles, and particularly the radial densitysystem was chosen to focus on the core characteristics such
profile of the corona. The corona contributions have beerms the aggregation number, the core radius, and the solvent
described in several different ways. Examples include a unifraction in the core. By comparing with recent simulations of
form corona shelf'° a power-law density profilt??® a  highly branched star polymers, the transition was found to be
Gaussian profile in the “cap and gown” modél*? and a  driven by the decreasing aggregation number as the solvent

selectivity decreases with increasing temperature. A decrease
dAuthor to whom correspondence should be addressed. Electronic maiin the aggregation number leads to a softer intermicellar po-
lodge@chem.umn.edu tential, favoring the bcc lattice.
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In this work we extend this approach to corona contrast — 1
systems, in order to characterize the corona density profile 140 | DEP
more fully. With a combination of the information from core
and corona contrast systems, a clear picture on how the sol- 120
vent selectivity controls the detailed micellar structure can be
obtained. 100dee o oo
IIl. EXPERIMENT = ol
A. Materials ]

Nearly symmetric S| diblock copolymers were synthe- 60 | micelles
sized by sequential living anionic polymerization using stan-
dard procedure® one with protonated styrene and perdeu- a0k
terated isoprene, designated @814, and the other with Y
perdeuterated styrene and protonated isoprene, designated 0.0 0.1 0.2 0.3 0.4
dSI(16-15. The deuterated monomers were purchased from ¢
Polymer Source, Inc. Styren@rotonated or perdeuterajed — T
was purified by stirring over calcium hydride for 12 h, fol- 140 C14 (b) J
lowed by vacuum distillation witm-buty! lithium for 6 h. I
Isopreng(protonated or perdeuterajesas treated with dibu- 120k .
tyl magnesium for 3 h, followed by-buty! lithium for 6 h. disordered
Cyclohexane was used as the polymerization solvent and [
was distilled fromn-butyl lithium. Usingsecbutyl lithium as 0 100 - .
an initiator, the styrene was polymerized # h at 45 °C, ° .
followed by the addition of isoprene and the polymerization = gofe-oo__ -
for 4 h at thesame temperature. I

The polymers were characterized by size exclusion chro- 6oL i
matography(SEQ, using both refractive index and multi- micelles
angle light scattering detectof$Vyatt Optilab and Dawy |
and by'H nuclear magnetic resonan@¢MR). SEC gave the 40 7
number average block molecular weights, and polydispersi- 0.0 . 0j1 : 02 . 03 . 0?4

ties of 1.04 for both Sdl5-14 and dS(16-15. The result-
ing block molecular weights were 15 408) and 14 10Qdl) ¢
g/mol for Sdl15-14, respectively, ar?d 15800dS) and FIG. 1. Phase diagrams for($5-15 in (a) DEP and(b) C14 as functions of
15400(1) g/mol for dS[16-15, respectlvely.lH NMR was  temperaturel and polymer volume fractiogp.
used to determine the composition and to estimate the mole
percent of 4,1-addition of the Pl blo¢R4+1%). In addition,
a fully protonated SIL5-15, with block molecular weights
of 15200(S) and 15 40Q1) g/mol, was used to construct the
phase diagrams in Fig. 1.

The solvents diethyl phthalateh{DEP) and n-tetra-
decane Ki-C14) were purchased from Aldrich. The deuter-

ated tetradecanal(C14) was obtained from C/D/N Isotope were azimuthally averaged to obtain the intensity vergus

Inc., and mixed withh-C14 to match the SANS scattering The resulting data were corrected for detector sensitivit
length density to the desired block. The polymer solutions 9 Y,

i ) : . sample transmission, empty cell scattering, and sample thick-

were prepared gravimetrically, with the aid of methylene T -
. ) ness. The scattering intensities were then scaled to absolute
chloride as a cosolvent. The cosolvent was stripped off under

. . alues based on the direct beam flux method. Finally, the
a stream of nitrogen at room temperature until a constan Lo : : .
: . . Coherent scattering intensity was obtained after appropriate
weight was achieved. The polymer volume fractigrwas

calculated assuming additivity of volumes and densities 0ﬁubtractlon of the solvent scattering and of the incoherent

ackground.
1.118, 0.763, 0.879, 1.047, 1.128, 0.913, and 1.021 {fem . . o
h-DEP, h-C14, d-C14, PS,d-PS, PI, andd-PI, respec- Solutions with polymer volume fractions=0.005, 0.01,

tively and 0.02 were put in sealed quartz “banjo” cells with ca.

' 1 mm path length, and examined at 10°C intervals
upon heating. At each temperature, the solutions were an-
nealed for at least 600 s, and data were collected for 300 or

Neutron scattering experiments were performed at NISTE00 s depending on the concentration and the contrast.
Gaithersburg, MD, using the NIST/Exxon/University of On the basis of the densities of solvents and polymers,
Minnesota 30 m SANS instrumefNG7). Neutrons with a the neutron scattering length densities were estimated
monochromated wavelength of 6 A and a wavelength as pps=1.41X10cm 2, py.ps=6.45<10cm 2, pp

spread AN\) of 0.11 were incident on the sample. A sample
to detector distance of 7.0 m was used to access scattering
wave vectorgy in the range 0.007 A'<q<0.098 A"1. The
scattering vectoq is defined asyj=4/\ sin(0/2), whered

is the scattering angle. The isotropic, two-dimensional data

B. Small angle neutron scattering
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=0.27X 101°cm’2, pg-p1=6.85%X 101°cm*2, Ph-pep= 1.53 =V corona-block Pcorona-block™ Psol s Wherewv, is the volume of
x10%cm 2, ph-c14= — 0.44X 10%cm™?, and Pd-c14=6.79 the core or corona block, antore-biock Pcorona-block aNdPsol

X 10%cm™2. Sincepps and pp, are greater thapy, c14 and  are the scattering length density of the core block, the corona
less tharpg.c14, the contrast can be matched to either the Plock, and the solvent, respectively. For a homogeneous
or Pl block by mixingh-C14 andd-C14. The scattering Spherical core with radiuB. and a smoothly decaying scat-
density for the mixed solventp(,) iS pso= Pn.citn.cia  L€FiNG length density at the core surface, the core self-term is
+ (1= ¢n.c14) Pd-c1a, Whereedy,.c14is the volume fraction of 2 o 2 2

h-C14. Thus the contrast can be exactly matched to the core Acord @)= P(qR)exp( — 7o), @

or corona block for SdL5-14 in C14 and dSL6-13 in  \hare g(x) =3[ sinx—xcosx}s® is the hard-sphere form

C14, respectively. Unfortunatelyps and ppy are both 1ess ¢501or The exponential term reflects a smoothly decaying
thanpy pep, and deuteration of DERI¢DEP) will increase o ity at the core surface, andis related to the width of
the scattering length density further, which does not make i he interface.

possiplg to match the solvent contrast to the PS or PI block  the corona chain self-
by mixing h-DEP and d-DEP. Fortunately, approximate
core contrast can be obtained for @d-14 in DEP solu-
tions aspy.pep IS very close tqps. For dS(16-15 in DEP,
ph-pep IS much closer topp, than to py.ps, and thus the 2[exp(—x)— 1+x]

features from the corona scattering are emphasized. Pchaid Q) = 2 , 3

correlation term for Gaussian
chains with radius of gyratioRy is given by the well-known
Debye function

C. Dynamic light scattering wherex=q?R?. For a micelle modelled with noninteracting

Dynamic light scatteringDLS) was used to determine Gaussian chains in the corona, the corona term can be writ-
the CMT and measure the hydrodynamic radRjsof mi-  ten as
celles for the sameb)=0.01 solutions which were investi- .
gated with SANS. Each sample was passed through an 0.2 5 é(q):w(quz)<S'r{‘1(|?c+‘jRga)]>
wm filter (Millipore) into an 0.25 in. diameter optical glass coron 91 a(Rc+dRy)
tube. The tube was flame-sealed under vacuum to prevent X expl — q2o2/2) (4)
oxidative degradation and dust contamination. Measure- '
ments were taken on a home-built photometer equipped witlyhere y(x) =[1— exp(—x)]/x%; with XZQZRS_ In this equa-
an electrically heated silicon oil index-matching bath, ation dis close to unity =1), as this mimics nonpenetration
Brookhaven BI-DS photomultiplier, a Lexel Arlaser oper-  of the corona chains into the core region. In other words, the
ating at 488 nm, and a Brookhaven BI-9000 correlatorend of the corona chain can be considered to lie on a surface
Samples were annealed at the set temperature for at least &QRc+ng, not R;. While this model has a simple form,
min before intensity autocorrelation functiog§?)(t) were  the corresponding radial profile is not well defined, as there
recorded. At each selected temperature, measurements Wejgn be overlap between core and corona. Hence this model

made at a minimum of three scattering angles from 50° tavas only applied to S@15-14 in DEP solutions where the
130°. Intensity correlation functions were then fitted to eithercorona contribution is not Signiﬁcanﬁﬁoronéﬁgorf0-005)-

single exponential decay@nicelles or single chainsor a For the corona contrast systems, i.e.,($8414 in C14

sum of two exponential§*anomalous micellization” re-  and dS(16-15 in DEP, the Gaussian noninteracting model

gime), as described elsewhete. cannot describe the corona density profile properly and one
needs a better defined expressiBp,on{d) is then given as

. FITTING MODEL the normalized Fourier transform of the radial density distri-

To fit the SANS data, the scattering form factor for a Pution function of the corona chaingeorondr), as follows:

block copolymer micelle with a spherical core and corona

chains attached to the core surface developed by Pedersen 47rf Peorond ) sinar) rdr

and co-workers was appliéd?*?*This model contains four p (q)= ar expl( — g20212).
different terms: the self-correlation of the core, the self- coren A7 peorond T )1 2dr

correlation of the corona chains, the cross term between the 5)

core and corona chains, and the cross term between differe

: m this work, we have chosen to represgnt, .{r) as a
corona chains. It can be expressed as ’ ron

linear combination of two cubib splines, as has been suc-

Prmic( @)= Q%82 A%, d )+ Q(Q— 1) B2 0nd 0rond A) cessfully applied previousf=° and the number of fitting
parameters increases by only one compared to the noninter-

2
+2QBeoreBeorondcord d) Acorond d) acting Gaussian chain model. The explicit formpf,,n{r)
+Qp2 ), (1)  is described in the Appendix. Note that this expression was
' coron‘P_ChaI . ~first developed by Pedersen al®
where q is the scattering vectorQ is the aggregation Assuming a hard-sphere structure factor, the total coher-

number, andBqqe and Beoona@re the total excess scattering gpt scattering intensity 43
lengths of the core and corona blocks, respectively. They are

defined  as Bcore™ U core-block Peore-block™ Psol)  @NA  Beorona 1(q)=Pmic(ad)+ Amic(q)Z[S(Q) —-1], (6)
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where S(q) is the monodisperse hard-sphere structurdied. Thermotropic OOTs can be understood in terms of
factor” and A,i.(q) is the form factor amplitude of the ra- changes in the solvent selectivity, namely, a decrease in sol-
dial scattering length distribution of the micelle. It can bevent selectivity with increasing temperature gives rise to dif-
expressed as ferent partitioning of solvent between the two microdomains,
Amicl @) = Q[ BeorPeord @) + Beorondcorond A) - (7) ~ resulting in changes in both interfacial tension and interfacial

) ] o curvature. We have recently focused on the thermoreversible
For a polydisperse model, a Gaussian distribution for thefcc to bece transition, and the fcc/bcc phase boundary was

core radii can be assumed: located in several S| solutiori&3®

—(R.—(R))? For a symmetric Sl copolymer, the thermotropic as well
N ex g2 for R>0, (8)  as lyotropic phase behavior in both S and | selective solvents
R R are expected to be similar. Figure 1 shows the phase dia-
where(R;) is the average radius antk is the width of the  grams for S(15-15 in DEP and C14 over the polymer vol-
distribution. The coherent scattering intensity for the polydis-ume fraction rangep=0-0.4. The observed phases are dis-

D(Re)=

perse model is then ordered micelles, cubic lattices of spherical micelifes or
bco), and cylinders(C) with increasingg. Even though the
|(Q)=J D(R)(Pmic(a) + Amic(@)?[ S(a) — 1])dR; . fcc to bec transition appears over a rangefaih both solu-

(9)  tions, the detailed phase behavior of the cubic lattices are

This expression is known as “local monodisperse approxi_quite different. For DEP solutions, the fcc to bcc transition

mation” and was derived by Peders&ilhe structure factor persists up todwO.B,_t_hen a closed—packed.sphéﬁa: and
S(q) depends on two parameters, the hard-sphere r&ijyis hcp to cylinder transition was observed at higlfgrwhereas

and the hard-sphere volume fractign .3’ in C14 t.he fcc to bee transition appears at Iowﬁrand_a
Another factor to be considered in fitting the SANS dataProad window of bce exists, followed by the bee to cylinder
is the smearing which results from instrumental limitations.transition for¢=0.36. Note that the closed-packed sphere to
The smeared intensiti(q) can be calculated via a convo- Ccylinder transition shown in DEP solutions was found to fol-
lution of 1(g) with an instrumental resolution function low quite complicated pathways, and the associated epitaxial

R(g,q) as relationships are reported elsewhé&teThe differences in
phase behavior between DEP and C14 solutions presumably
Is@=f R(a,a)!(a)dq. (100  come from the intermicellar potential. The micelles in C14
solutions have longer corona blocks, due to the larger radius
The resolution function is approximated by a Gaussian disef gyration of Pl vs PS at equal molecular weight, which
tribution of g at an average valug: *>*° favors bce rather than f&@-2This difference will be quan-
—5 tified later by comparing the ratio of the corona layer thick-
R(q,9)= fs exp ~(@-a) } (12) ness to the core radiuk ¢o,ond Re -
’ v2mVy 2Vq [ In dilute solutions, i.e.¢p~0.01, where the intermicellar

wheref is the shadow factor which accounts for beam-stognteraction is almost negligible, the CMT arih(T) were
shadowing effectd! q is the mean scattering vector, and chara_ctenzed by DLS. One_notable feature is that the ¢ow
Vy(=0?) is the variance. These are determined from theCMT is very close to the highep ODT, where the bce to
wavelength distribution, apertures, detector resolutiondisorder transition occurs, as shown in Fig. 1. This phenom-
etc 3940 enon was consistently observed in all the phase diagrams we

For the core contrast systems, the fitting parameters afigave constructedf*>**which suggests that the temperature-
the aggregation numbe), the hard-sphere volume fraction dependent micellar behavior at low and in the ordered
éns, the hard-sphere radil,s, the core radiuR,, and the  state at highew track each other closef. Information on
width of the distributionor. The number of fitting param- how the change in the solvent selectivity with increasing
eters for the corona contrast systems increases by four: ttemperature affects the micellar structure can be obtained in
radius of gyration of the corona chaiRg, the width of the  dilute solutions, and this can be directly applied to the higher
core-corona interface, anda, andsin the corona ternfisee ¢ solutions to understand the cause of the fcc to bce transi-
the Appendix. tion. Since DLS only measures the temperature-dependent
Ry, more detailed micellar characteristicgich as aggrega-
tion number, core radius, corona thickness, and solvent frac-
tion in the core were obtained by SANS, as will be de-
A. Phase diagram scribed in the following sections. In this case, @814 or

We have previously mapped out the phase diagrams d#SI16-15 were employed to enhance the SANS contrast.
several S| diblock copolymers in both S and | selective sol-Since the molecular weights and block compositions of
vents as a function of polymer volume fraction andSdl(15-14 and dS(16-19 are very close to those of @b-
temperaturé>#2~44 By a combination of SAXS, rheology, 15), we can assume that the phase behavior of15d14)
and static birefringence, various temperature-dependernd dS(16-15 in DEP or C14 would be very similar to those
order-order transition§OOT) have been located and identi- shown in Fig. 1.

IV. RESULTS
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B. Core contrast condition

Four different systems have been investigated(1&dl
14) in DEP and dS16-15 in C14 (core contrast and
dSl(16-15 in DEP and Sdl15-14 in C14 (corona contragt
solutions. Figure 2 displays the corresponding form factors
measured at 30 °C for three systems, for three different con-
centrations(¢=0.005, 0.01, and 0.02 The corresponding
data for the fourth system, d3@6-15 in C14, were pre-
sented previousl§? As the concentration increases, the first
minimum and maximum in the form factor become more
distinct in all cases. In Fig.(3), the peak from the structure
factor also emerges negr=0.01 A1 at $=0.02, as the in-
termicellar interaction increases. Figure 3 shows the tem-
perature dependence of the form factors for the three systems
with ¢=0.01. The corresponding data for 88-14 in DEP
was presented previousf§.The main features are that the
first minimum and the secondary maximum are smeared out
and the intensity at low decreases, with increasing tempera-
ture. The form factors for d&16-15 in C14 with $=0.005,
0.01, and 0.02 and SdI5-14 in DEP with increasing tem-
perature show the same features as Figal @nd 3a), re-
spectively. All of the smooth curves in Figs. 2 and 3 repre-
sent the best fits to the expressions given in the preceding
section, as will be discussed subsequently. All of the fitting
parameters are listed in Tablegdore contrastand Il (co-
rona contrast

For the core contrast systems, Figa)2is a representa-
tive example of the hard-sphere form factor, with a distinct
first minimum at 0.045 A*. From the characteristic equation
for minima in the hard-sphere form factor, siR)
—gR.cos@R.)=0, the core radius can be estimated as 100 A
with qR,=4.493 at the first minimum. In this case, the fits
were facilitated as the corona contribution is negligible. Fig-
ure 3a) shows the scattering form factors and the corre-
sponding fits for dSL6-15 in C14 ¢=0.01 with increasing
temperature. The scattering data were modeled by taking
only the first term in Eq(1) for dSI(16-15 in C14, as it
satisfies the core-contrast condition exaciB4ns=0). For
Sdl(15-14 in DEP, we also considered the corona terms, as
the corona blocks were not exactly masked. The fitting pa-
rameters are the aggregation numkgrthe effective hard-
sphere volume fractiog,s, the effective hard-sphere radius
Rys, the core radiufk;, and the core size distributiong.
For Sd[(15-14 in DEP, one needs to also consider the radius
of gyration of the corona chaink() and the displacement
of the corona chain), but it was assumed th&; is equal
to Leorond2 andd=1, as the fit is essentially insensitive to
those parametersBf,,.d 32.«~0.005). Hence the number
of the fitting parameters is same in both systefg and
¢ns can be obtained from the hard-sphere structure factor,
and the corona layer thickness was calculated Wigqna
=R;s— R.. The resulting fit parameters are summarized in
Table I.

The aggregation numbé&p can be directly determined

Temperature-dependent micellar structures
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SdI(15-14) in DEP (@) |

(core contrast) 3
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2
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SdI(15-14) in C14
(corona contrast)

o o
L N L i i
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q, A"
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dSI(16-15) in DEP
(corona contrast)
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1
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q, A

0.06

from the scattering intensity at log, and a decrease in the FIG.2. SANS data as a function of concentration for($8414 in (a) DEP

intensity at lowq with increasing temperature results in the
decrease iQ [Figs. 4a) and 4b)]. In both solutions,Q

and (b) C14, and(c) dSI(16-15 in DEP at 30 °C. For clarityp=0.01 and

0.02 data have been multiplied by 4 and 16 @ror by 2 and 4 for(b) and

(c), respectively. The symbols are the SANS data, and the solid lines are the
decreases from ca. 180 at 30 °C to ca. 60 near the CMT. Alsmodel fits.
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FIG. 3. SANS data as a function of temperature @rdSI(16-15 in C14
¢=0.01, (b) SdI(15-14 in C14 ¢#=0.01, and(c) dSi16-15 in DEP
¢=0.01. For clarity the data have been multiplied by %, 4%, 4%, and #,

Bang et al.

note thatQ is not affected by the concentration, as noted
previously?® The key factor controlling the micellar structure
in this system is the temperature-induced change in the sol-
vent selectivity. As temperature increases, the solvent be-
comes less selective, i.e., the effective interaction parameter
between the core block and the solvegige.sor DECOMES
smaller, and therefore the solvent can penetrate the core. The
solvent fraction in the coregqqe o, Was calculated using
the fitted values via 48R3= Qu core-piock (1 — Peoresal - The
fits indicate that there is essentially no solvent in the core for
both solutions at low temperature, and that the solvent begins
to penetrate the core increasingly with increasing tempera-
ture. In the proximity of the CMT, the micelles are swollen
Up t0 deore soi= 0.3, as shown in Figs.(d) and 4d).

At elevated temperature one expects the micellar coro-
nas to become less crowded, due to the decreae Aliso,
the interfacial tension at the core-corona interface will be
reduced due to the solvent in the core, which allows both
core and corona chains to relax. As a result, one expects that
R andL cor0na(0r Ry) Will decrease with increasing tempera-
ture[Figs. §a—d], consistent with the fit results. As wit},
the R, values are also nearly independent of concentration.
The fits show that ., also decreases, but the data show
some scatter depending on the concentration. This is prob-
ably becausel .,ona iS determined from the hard-sphere
structure factor, and there could be significant uncertainty
due to the weak correlations among distinct spheres in these
dilute solutions. More reliable information on the corona
chains can be obtained from the corona contrast systems.
However,L .,onaValues do exhibit the expected trend in that
the corona chains relax due to a decrease in the interfacial
tension with increasing temperature. The ratio of the corona
layer thickness to the core radius,,ond R:, has been used
to classify the intermicellar potenti&l:>%4®In our system,
L corond Rc IS essentially constant over the entire temperature
range[Figs. 5e) and 5f)], implying that this criterion is not
really a good way to quantify the temperature-induced
changes in the intermicellar potential. The values are be-
tween 0.75 and 0.85 for Sd5-14) in DEP, and between 1.2
and 1.4 for dS[16-15 in C14. Consequently, d&l6-15 in
Cl14 has the longer-ranged intermicellar potential than
Sdl(15-14 in DEP, and this supports the fact that the bcc
phase is observed over a wid¢range in the phase diagram
of SI(15-15 in C14 solutions shown in Fig. 1. But, in both
cases the fcc to bec transition is accessed whilg,,/R. is
constant.

C. Corona contrast condition

The scattering profiles for the corona contrast condition
are significantly different from the core contrast condition. In
Fig. 2(b) SdI(15-14 in C14, the solvent contrast is exactly
matched to the core by mixing C14 andd-C14, and hence
the first and third terms in Ed1) can be eliminated. In this
case, the characteristic equation become$q@ia+dRy)]
=0 for the model with noninteracting Gaussian chains. With

1
respectively. The symbols are the SANS data, and the solid lines are thd(Rc +ng) 3.142 andy=0.023 A" at the first minimum,

model fits.

R.+dRy is 137 A, whereas the fit results gi®.+dR; of
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TABLE I. Fit results for core contrast systems.

Sdi(15-14 in DEP

#$=0.005 $=0.01 $=0.02
T (°C) Q Rc (A) Lcorona(A) OR (A) Q R¢ (A) Lcorona(A) OR (A) Q Rc (A) Lcorona(A) OR (A)
30 173 102 88 16 184 103 85 16 165 102 78 16
40 165 101 88 17 160 103 78 17 157 103 79 17
50 115 93 80 17 121 97 73 18 121 97 75 18
60 88 95 71 23 99 93 70 20 95 92 72 20
70 s s . 67 86 65 29 68 85 67 22
dsli(16-15 in C14
$»=0.005 $=0.01 $=0.02
T (°C) Q Re (A) Lcorona(A) OR (A) Q Re (A) Lcorona(A) OR (A) Q Re (A) Lcorona(A) OR (A)
30 157 98 117 15 161 98 132 14 180 101 131 15
40 155 99 122 16 168 99 131 15 178 102 132 15
50 136 96 127 16 134 94 122 15 132 94 125 15
60 90 88 105 17 94 88 110 17 94 87 116 16
70 81 85 118 18 77 83 103 17 77 83 110 17
80 58 84 101 22 63 79 107 18 59 80 100 19

158 A (R,.=98A, R,=60A, andd=1). The discrepancy —ppep), respectively, angZ, d Boorons0.08. Hence all the
may come from the complication of the corona profile, as @erms in Eq.(1) have a significant contribution to the scat-

set of two cubicb spline functions was incorporated rather tering pattern, and the characteristic equation cannot be sim-
than the noninteracting Gaussian chain model. With the tw@ly extracted. Despite this complexity, we suggest that the
cubicb spline functions, the characteristic equation becomesnain features can be ascribed to the contribution from the
Acorond 0:R¢ ,S,a21) = 0. Inserting fitted values ab=0.01, 98 negative term, i.e., the cross term between the core and co-
A, 76 A, and 0.042 foR,, s, anda,, respectively, the equa- rona (BeoreBeorons<0). as evidenced by simulations shown in
tion givesq=0.023 A1, reflecting that the minimum of the Fig. 6. In this case micelles were considered to consist of
form factor follows the characteristic equation. symmetric diblock copolymers with equal block volumes,
The situation becomes more complicated in(@6415 30000 A/block, and a core radiug, of 110 A. The aggre-
in DEP [Fig. 2(c)]. The scattering patterns show a pro- gation numbef was calculated assuming there is no solvent
nounced first maximum and a sharp minimum at lower in the core Q=186). For the corona part, the Gaussian
The contrasts for the core and corona arel.261 noninteracting model was considered for simplicity &R
X107 %m 2(pp—ppep) and 4.9%10 P¥cm ?(pgps =45A andd=1 were taken. The resulting micellar dimen-

TABLE II. Fit results for corona contrast systems.

dsSi(16-15 in DEP

$=0.01 $=0.02
T (°C) Q R (A) Ry (A) a s(A) or(A) Q R (A) Ry (A) ay s(A) or(A)
30 119 114 44 -0.15 93 12 149 116 42 -0.13 92 15
40 127 115 45 -0.14 93 16 152 117 43 ~0.12 93 15
50 126 116 45 -0.13 94 15 153 118 45 -0.11 94 16
60 127 119 47 -0.17 91 17 147 121 42 ~0.06 95 17
70 120 117 46 -0.20 91 16 152 123 45 ~0.05 96 18
80 107 111 41 ~0.09 95 17 126 114 43 -0.08 93 19
90 77 101 34 ~0.06 95 17 99 104 39 -0.19 85 20
100 38 96 21 0.23 104 16 64 94 32 -0.04 94 19
Sdi(15-14 in C14
$=0.01 $=0.02
T (°C) Q R (A) Ry (A) a s(A) or(A) Q R (A) Ry (A) ay s(A) or (A)
30 155 98 60 0.04 76 12 155 98 60 0.05 80 12
40 155 98 64 0.20 84 12 154 98 60  —0.06 76 13
50 131 94 60 0.22 80 12 120 94 56  —0.20 53 9
60 89 87 50 0.60 92 9 89 87 52 0.02 66 8
70 76 83 48 0.56 96 19 73 83 45 022 52 4
80 63 79 48 2.72 133 32 63 80 50 0.23 77 20
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FIG. 4. Temperature dependence of the aggregation nui@béor (a)
Sdi(15-14 in DEP and(b) dSI(16-195 in C14, and the solvent volume
fraction in the coregpgg corer for (¢) Sd(15-14 in DEP and(d) dSI(16-19

in C14.

sion is very close to that of d&l6-15 in DEP solution.
Peorona-block aNd psovent Were fixed as 6.810° and 4.0
2. respectively, antheore-piock Was varied from
6.0 10'° to 3.0x10°%cm 2. AS peore-biock d€Creases from
6.0x 10° (homogeneous contrasto 4.0x 10°cm 2 (co-
rona contragt the amplitude of the form factor at logzalso
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and corona. At the same time, the first maximum of the form
factor is clearly magnified and the first minimum appears at
lower g, consistent with the features in d$6-15 in DEP
solutions. In other words, the location of the minimum is
very sensitive to the contrast. These features are also seen in
other systems. For example, Woet al. investigated

decreases due to the reduced contribution from the cord@ClY(0xyethyleneb-butadien¢ (PEO-PB diblock copoly-

When Beord = U core-block Pcore-block™ Psolven) | PECOMES Nega-
tive (peore-bioc=3-5X10° and 3.0<10'°%cm 2, respec-

tively), the amplitudes at lovg decrease further, reflecting

mers in a mixture of water (}0) and heavy water (ED) by
SANS?! The contrast was varied by changing thg(bcon-
tent. Between the volume fractions 050, ¢p_o, of 0.17

the negative contribution of the cross term between the corand 0.72, the cross term between core and corona becomes

110
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90+
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FIG. 5. Temperature dependence of the core raRjufor (a) Sdi(15-14 in
DEP and(b) dSI(16-15 in C14, the corona layer thickne&s,on,, for (c)
Sdi(15-14 in DEP and(d) dSI(16-15 in C14, and the ratio of the corona
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negative. As the PO content increases%20= 0.48 and

0.60, one can see that the first bump becomes more pro-
nouncedFig. 7 in Ref. 2). Similar features are also seen in
Ref. 15(Figs. 2, 6, and ) whered-PS-PI diblock copoly-
mers in decane were investigated.

Figures 3b) and 3c) display the scattering data and the
model fits for Sd(15-14 in C14 and dS6-15 in DEP,
respectively, as a function of temperature. To describe the
corona chains, the data were fitted with a sum of two ctbibic
spline functions folp,on{r). The model gave an excellent
fit to both systems. Especially for d%6-195 in DEP, the
first sharp minima were nicely captured and the diminution
of the secondary bump was also described. Comparing to the
core contrast systems, the fitting parameters increase by four,
as mentioned previously. The resulting fitting parameters are
collected in Table Il. For d$16-15 in DEP, Q is less than
expected compared to the other three systems. For example,
with Q=119 andR.=113 A at 30 °C, the solvent fraction in
the core is estimated afqe o 0.45, While the other three
systems predict no solvent in the core at 30°C. Al§o,
shows a significant concentration dependence. We believe
this apparent inconsistency is due to the insufficient informa-
tion in the forward scattering data at logy whereQ is di-
rectly determined.

As with the core contrast system@,andR. decrease at
elevated temperature. The micelles in @8+15 in DEP so-
lutions persist up to higher temperat@MT~110 °Q), as
the molecular weight oh-PI in dSK16-15 is higher than
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FIG. 7. The radius of gyration of the corona chaiRg,, as a function of  FIG. 8. The radial profile for the corona as a function of temperaturésjor
temperature fo(a) dSI(16-19 in DEP and(b) Sdi(15-14 in C14. dSI(16-15 in DEP ¢=0.01 and(b) Sdi(15-14 in C14 ¢=0.01.

wherep.,ondr) is the rescaled corona chain profile and rep-
that of d-PI in Sdi(15-14. More interestingly, the micellar yresents the volume fraction of the corona chains. Figure 8
dimension increases slightly in the range 30-70°C. Atgisplays the corresponding corona chain profilesdier0.01
70°C, R increases by 5.5 A5%) and 6.8 A(6%) compar-  solutions of dS(16-15 in DEP and Sdl5-14 in C14 at
ing to those of¢=0.01 and 0.02 solutions at 30 °C, respec-gelected temperatures. The maximum volume fraction of the
tively, with almost constan@ (equivalently constant inten- corona chain is below 0.3, consistent with other results in the
sity at low g in this casg indicating that the micelles are |iterature3-17 Note thatpeoendr) Of dSI(16-15 in DEP is
swollen by the solvent. Although the effect is small, it is also|egs than that of S@15-14 in C14 due to the underestimated
consistently observed by DLEFig. 9b)]. While Q is ex- Q. As temperature increases, the width of the corona profile
pected to increase with increasing solvent selectivity, th@jecreases and the maximum of the volume fraction de-
core chains also need to be stretched further with increasingreases. A decrease in the maximum of the volume fraction

Q, which becomes unfavorable due to the entropy penalty ofeflects the dilution of the corona, due to the decreas@as
the core chains. Therefol@ may remain constant before it \ye| as the core swelling by solvent.
decreases with decreasing solvent selectivity. This regime
has been also consistently observed in the concentrated SB
lutions, ¢$=0.2-0.3, where the micelles pack onto an fcc
lattice 283 The hydrodynamic radii of the micelles and single
The radius of gyratioiRy of the corona chains is 42—45 chains across the CMT were measured by DLS for each sys-
A for d-PS[dSI(16-15 in DEP], and 59-63 A ford-PI  tem, andR;, of the micelles was compared Ry, from model
[SdI(15-14) in C14] at 30°C. Here we can introduce a di- fitting of the SANS datdFig. 9. The CMT from DLS can be
mensionless paramet&;oond =Rg/(Rg)ocorond, taken as measured by a combination of an abrupt chang&jrand
the ratio ofRy of the corona chains to the unperturlieglof  the scattered intensity, and that from SANS can be predicted
the corona blocks, representing the corona chain stretchin@py a significant decrease in the low intensity of single
(Rg)o,corona for d-PS andd-PI with molecular weights of chains(data not shown As indicated in Fig. 9, the CMTs
15800 and 14 100 g/mol is 24 and 42 A, respectively. Basedtom both measurements match very well. Also, the agree-
on these valueSsqyonais 1.6—1.7 ford-PS[dSI(16-15 in
DEP] and 1.3-1.4 fod-PI[SdI(15-14) in C14] at 30 °C. As

X Comparison to DLS (R versus Rj)

the temperature approaches the CMT, the interfacial tension wf@ L] [®° 7 Ly
decreases and both core and corona chains are allowed t - f/e\u : ® Ry | w0p © B \n\_\. 5 Ry, ]
relax. Ry near the CMT becomes close {8g)o corona I-€-: p 8 160t N \ eMt
21-32 i fqrd—PS and 48-50 A fod-PI, respectively, as ] 12} astaeis)npEP !
shown in Fig. 7. Castellettet al. also observed a decrease in s} | 1wl I\_ ]
Ry of the corona chains with increasing temperature in “ S “ foe
poIy(oxyethyleneg—oxybutylene) (PEO-PBQ diblock co- o a R s 70 B 90 20 a0 s so w0 0 1
polymer in D,0O. Seerr_nr_lgl_y, _|t may Iqok I_|ke the same (°)sd1(15.14)inc14\. @ 510615 in C14
phenomenon, but the origin is in fact quite different. In their e R, Glow ol - _ /
work, the corona PEO chains actually contract as the solvent  'r  + & @utmae 19, ﬁ‘_ﬁ,‘:fm,?l-'
guality becomes worse with increasing temperature, whereas;i M“';:_'___\ o R,
the corona chains are always under a good solvent conditior B0 e . oooEEEe .
in our systems. ] oT " 1wt or® % \___
The density profile of the corona chaingeron{r), can R T T N T T
be determined from the fitting parameteRs, s, and a;. T,% T,°C

Peorondr) Was rescaled as follows: _ _ _
FIG. 9. The hard-sphere radi&% s and the hydrodynamic radiui,,, as a

function of temperature fofa) Sdi(15-14 in DEP ¢=0.01, (b) dSI(16-15
~ 24 — in DEP ¢=0.01,(c) dSI(16-15 in C14 ¢=0.01, d) Sdi(15-14 in C14
J 4P eorond )T 1= QU corona-block (12 2:0_01? (©) dSK §in ¢ andd) Sdi 4in
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ment betweerRy, from DLS andRys from SANS is excel- have a common degree of polymerization of the inner PPO
lent, considering the very different origins of these quanti-blocks, but different degrees of polymerization of the outer
ties; R, is calculated through the Stokes-Einstein equatiorPEO blocks. The main result was tHgg increases with de-
using the diffusion coefficient measured from DLS and thecreasing degree of polymerization of the PEO blocks, and
solvent viscosity, andR;s is determined from the SANS with increasing temperature. Also, the CMT was found to
structure factor. increase with increasing PPO concentration.

Another noticeable feature is the “anomalous micelliza-  Goldmintset al. studied the micellar structures near the
tion,” which emerges above the real CMT in C14 solutions.CMT for PEQ,sPPQPEQ,s andd-PEQ,;PPQ,d-PEQ,; in
We have demonstrated previously that the anomalous micemixtures of HO and D,0.%’ A model consisting of a homo-
lization is due to the incipient phase separation of smalgeneous core and corona was used to fit the SANS data. This
quantities of PS homopolymer, resulting from incompletemodel allows the presence of solvent in both the micelle core
crossover to the second block during the sequential livingand the corona, whereas a spatial variation in the corona
anionic polymerizatiorf® The intensity correlation functions concentration cannot be described. The micellar structures
in this regime can be fitted to a sum of two exponentials; thevere compared in terms &f—CMT, as the CMT also de-
faster mode corresponds to the single chains and the slowgended on concentration in these systems. Over the tempera-
model is due to the large assemblies, which we proposed t@rre rangeT— CMT=<10°C, it was shown that the water
be emulsionlike droplets. In Figs(® and 9d), the anoma-  content in the core decreases @éhcreases with increasing
lous micellization regime appears as two dynamic modesemperature, whileR, is nearly constant. Also, all values
above the real CMT. The real CMT was confirmed again bywere essentially independent of the concentration, and the
SANS in the sense that no evidence of micelles was obauthors suggested that it is the distance from the CMT that
served in the SANS data above the real CMT. Moreoverdetermines the micellar structure in this region.
there is no signature of large structures, because the associ- wijth the same model, Alexandridis and Yang described
atedRh is typ|Ca”y greater than 1000 A and would therefore PEQWPPO_,gPEQW in various mixtures of water and non-
appear well below the lovg limit in the SANS measure- aqueous polar solvents: formamitieyater/formamidé;*°

ments. water/ethanot’ and water/glycerot’ They measured the
CMT as a function of concentration and water/solvent ratio,
V. DISCUSSION and characterized the temperature-dependent micellar struc-

Previous studies have focused on aqueous systeens tures. Although the details differed depending on the solvent
PEO-based copolymers in watér'®°~17and, to the best of quality of the nonaqueous solvent, the overall features are
our knowledge, this is the first report of a systematic SANSVery similar to those in water in the context of temperature-
study of the temperature-dependent micellar structures in oflependent micellar behavior.
ganic solvents. Therefore, it should be worthwhile to com-  In the work of Liuet al, a “cap and gown” model was
pare our results with those in agueous systems, in view of theroposed to incorporate a radial distribution of corona
changes in solvent selectivity accessible in organic solventghains This model considers a homogeneous core and the
The polymers most frequently used in aqueous systems wegffuse corona layer, and satisfactorily described the micelles
poly(oxyethyleneb-oxypropyleneb-oxyethyleng ~ (PEO-  of PEO-PPO-PEO triblock copolymers in,O at various
PPO-PEQ triblock copolymers, denoted PE®GPQPEQ,, concentrations and temperatures. The micellar structure re-
wherem andn represent degrees of polymerization. As tem-mained constant as a function of concentration, but varied
perature decreases, the solvent quality for the PEO blockeith temperature, consistent with other results.
increases, and the hydrophobicity in both core and corona More recently, Castellettet al. used the form factor for
blocks decreases, resulting in a decrease in the interfaciéihe block copolymer micelles developed by Pedersen and
tension. In this case, the CMT is found upon cooling, i.e., aco-workers to investigate PEO-PBO diblock copolymers in
lower critical solution temperature. CST) system. Regard- D,0."*'” The polymers were chosen to have long corona
less of the fitting models adopted, all the results in the literachains, and the radial profiles of the corona chaigs,,{r)
ture showed consistently th@ decreases anggg corein- ~ Were described by a sum of two culiispline functions, as
creases with decreasing temperature, as described beloalso used in this paper. The benefit of this expression com-
This is in good agreement with our results in tlatde-  pared to others is that the Fourier transformation gives rise to
creases aneg, coreincreases with decreasing interfacial ten-a fully analytical expression, and hence the number of nu-
sion, as the CMT is approached. merical integrations can be minimized in the fitting proce-

Early work on the micellar behavior in aqueous dure. As with previous models, the fits indicated tkatn-
systems was performed by Mortensen and Pedérsencreases and.qre sor decreases with increasing temperature.
PEO,sPPQ(PEO;5 in D,O at various concentrations was Also, the maximum volume fraction ipgqon{r) decreases
characterized by SANS, using a model that assumed the mwith decreasing temperature, analogous to our systems in
celle was a homogeneous core with no solvent, and the caeflecting the dilution of the corona due to the decreas® in
rona was not included. From the model fits they found thatnd the core swelling by solvent. In additidRy in the co-
the micellar sizelcomparable tdR;) and Q increased with rona decreases with increasing temperature as with our sys-
increasing temperature. Mortensen and Brown investigated @ms, but due to different reason as described above.
series of PEO-PPO-PEO triblock copolymers ip(Dusing No significant concentration dependence of the micellar
the same modél.The block copolymers were selected to dimensions was reported, except relatively small deviations.
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Based on this, Castelletiet al. adopted the same approach 1.2 T T v r T
as we did subsequently, in relating the micellar dimensions in R

the dilute solutions to those in the ordered states for PEO-
PBO diblock copolymer solutior’s. In their work, Ry in
dilute solution showed good agreement with the nearest-
neighbor distance in a bcc lattice, as we also fotighe
success of this approach implies that the micellar character-
istics in dilute solutions also reflect those in the higher con-
centration solutions, thus providing a crucial key to interpret-

e
-}
T

=4
S
L}

p,(x) or p (1)

ing the phase diagram. For example, we showed that in the 021 ]
dilute solutiond_ ;.o Rc remains unchanged across the rel- 0.0 v Y.

evant temperature range, wheré&aslecreases with increas- 50 100 150 200 250 300 350
ing temperature. This fact supports the interpretation that the r, A

fce to bec transition in concentrated solutions is induced by a

decrease i, not by a certain value df o,/ R:- Another  FIG. 10. The radial profiles for two cubic splines,p,(r) and p,(r), in
example is a “reentrant” ordering transition from the disor- pcoon{r) with Ry=100 A ands=80 A.

dered micelles to the fcc or bcc lattices upon heating, re-

ported in some solutions:***?We postulated that this is due

to an increase in the micellar size due to the core swelling. "E)artment of Commerce, through the neutron research facili-

.dSl(lG'lS n DEP splunons, we have shown t{ andRys ties. We also thank Dr. Jan Skov Pedersen for helpful discus-
increase slightly with consta@ over the temperature range sions

30-70°C, and thus this provides quantitative support for the '
previous hypothesis.

VI. SUMMARY APPENDIX: RADIAL PROFILE OF THE CORONA

To understand how changing solvent selectivity controls ~ In this work the radial profile of the corona chains,
micellar structure, we characterized the detailed micellapcoron{l), Was described as a linear combination of two ex-
characteristics with varying temperature by using SANSpressionspy(r) andpy(r).* The profile is then
Sdi(15-14) in DEP, dS(16-15 in C14, dS(16-15 in DEP,
and Sd(15-14 in C14 represent the core contrast systems Peorondl) = pl(r)+a1p2(r), (A1)
with d-Pl andd-PS cores, and the corona contrast systems 1+a,
with d-PS andd-PI coronas, respectively. The SANS data

. . herea, is a fitting parametep(r) andp,(r) are
were obtained at low concentrations so that the effect of- ! gp pa(r) pa(r)

intermicellar correlations was minimized, even though the 4(r—R.—s)3—(r—R,—2s)3
structure factor was incorporated in the model fit. pa(r)= 3
As temperature increases, the solvent selectivity de- 4s
creases and the solvent penetrates the core. This is accompa- for Re<r<R.+s,
nied by a decrease i® and R, resulting in more diffuse
micelles. The corona chains also relax and approach the un- —(r—R,—2s)3

perturbedR, of the corona chains near the CMT, as the in- pa(r)= for Rc+s<r<R.+2s,

. . . . . 3
terfacial tension decreases with increasing temperature. 4s

There is a low temperature regime whéyes constant. This (A2)
regime pgrsists up- to higher t'emperatt(re70 °Q) for p1(r)=0 elsewhere

dSI(16-15 in DEP which has the highest CMF110 °Q. In

this caseR. increases by 5%—6% with increasing tempera-and

ture, indicating a regime of core swelling by the solvent at .

constantQ. These results provide the quantitative informa- —(r-R¢—s)

. . po(r)= ——F—— for R.<r<R.+s,

tion necessary to understand the thermoreversible fcc to bce 453

transition observed at higher concentrations in the same sys- (A3)
tems. po(r)=0 elsewhere.
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24 co$q(R.+2
S1(q):cnorm, $q(6 il
q
6(R.+2s)siN q(R;+2s)]
+ 5
q
96 co$q(R.+5s)] 24(R.+s)siNq(R.+5s)]
- q° B q°
4(9*R 5%+ 30°R.s+ 18)cog qR;)
+ 6
q
B 2[29%s*—9(R.—2s)]sin(qR,)
q° ’

(Ad)

where

o, SY1BRZ+14R;s+557)

norm,lz 5

(A5)

and
96 R.+2
S2(a) = Crom, C0$q(6c+ 2]
q
24(R;+2s)sin q(R.+2s)]
+ e
4(q*R.s®~60%s(R;—s) — 24)cog qR,)
+ e
N 4[g°s*(3R;— ) — 6(R.—3s)]sin(qR;)
q° ’

(A6)
where

. SY15RZ+6Rs+S?)
norm,2 15 .

(A7)

The corona scattering amplitude,,,,{0) can be written as

Si(q)+2a;S,(q)

_ 2,2
1+ a exp —qoel2).

Acorond d) = (A8)
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