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We report on neutron spin-ecHdlSE) measurements on deuterated styrene-protonated butadiene
diblock copolymer micelles in deuterateetlecane to investigate the dynamics of butadiene blocks

in the corona. Before the NSE measurements, we performed small-angle neutron-so@#KBy
measurements on the micelles to evaluate the structure to give a basis for the discussion of the
dynamics. In the SANS study, we have estimated the form fa&{{@» in terms of a hard-core-shell
model from the direct evaluation without curve-fitting procedure while a more flexible core-shell
model with the structure fact@(Q) gives a better fit to the observed data. The observed normalized
intermediate scattering functioQ,t)/1(Q,0) by NSE does not show the collective motions
corresponding to the so-called breathing mode but rather single chain nigtrom mode$ for

both the 2 and 20 wt % micelle solutions. The Zimm decay Fgtan the micelle solution is slow
compared with that in the homopolymer solution. This slowing down is assigned to the effective
high concentration in the corona. The differencef jibetween concentrated solutions and the 20%
micellar solution are attributed to end-tethering effect of the corona chains on the core surface. The
possible reasons why the breathing mode was not observed in the present micelle system are
discussed on the basis of chain density in the coron20@ American Institute of Physics

[DOI: 10.1063/1.1879892

I. INTRODUCTION (mostly up to 2<10° g/moal), LS (Refs. 10-12 with the
corresponding low values of scattering vector provides molar

When diblock or triblock copolymers are added to a Se'mass, aggregation number, and average volume fraction of

lective solvent, they aggregate into spherical micelles con-

" . . olymer segments in a micelle, but gives little information
sisting of an inner core of insoluble blocks and an oute .
- S about the inner structure. On the other hand, SAREf. 13
corona of soluble blocks, similar to micellization of surfac-

: . . . and SANS(Refs. 14—-1Y with larger values of the scattering
tants. These polymer micelles show interesting properties . :
ector were shown to be more suitable for studies of the

such as surface activity and absorption of small molecules inf

the corona, and have high importance in industrial applicalnner structure. In particular, SANS is very powerful because

tions. This type of micellization of block copolymers was of the possibility of selective variation of the scattering con-

first reported by Kraudefor methyl methacrylate-styrene- trast of eith-er part of the copolymer or solvent by the degree
methyl methacrylate triblock copolymer in solutions. After Of deuteration.
the work, extensive studies have been performed on polymer [N contrast with extensive studies of the micelle struc-
micelles to reveal the structure, thermodynamic, and surfaciire, there are few reports on the dynamics of the polymer
properties and so of? Scattering techniques such as light micelles. Polymer blocks on the core surface that extend into
scattering (LS),>® small-angle x-ray ScatteringSAXS),7'8 the solvent correspond to tethered chains on a spherical sur-
and small-angle neutron scattefif@ANS) are very power- face. If the grafting density on the surface is high enough to
ful tools for the structure studies. Due to relatively low mo-form a dense brush layer, the collective dynamics of the
lecular masses of copolymers used in micellar studieshains driven by the osmotic compressibility and the chain
entropic force is expected, which is the so-called breathing
dauthor to whom correspondence should be addressed. Fax:(0)774- mode. This type of collective dynamics was theoretically
38-3146. Electronic mail: kanaya@scl.kyoto-u.ac.jp predicted by de Genntsfor grafting chain brushes on a flat
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a micelle. The scattering length densiiyof the PSD core is
FIG. 1. Schematic drawing of hard-core-shell model with fluctuations 0f6'40>< 10° em/cn? assuming the density is the same as that
chailns.in corona and the geutron-scattering length depgitfhe dashed in bulk, which almost matches to that of deutera’uediecang
line is an average neutron-scattering density in corona with0.081. (6.57x 10" cm/cn?). On the other hand, the scattering
length densityp, of the bulk corona material PB is 0.419
X 10'° cm/cn? while PB chains in the corona are swollen
and only occupy a volume fractiogg of several percent.
The effective scattering length of the shell thendigpy pg
2 (1-¢p)pysor Since in the present measurements the sol-
vent scattering length densipy s, is very close to that of the
core we mainly observe the PB chains in the corona.
SANS measurements were done using SANS
dinstrumenzf5 at the FRJ-2 reactor at the FZ-Jilich, and the
PANS-U instrument in JRR-3M reactor, ToK&iThe range

surface and experimentally probed for spherical micElies
and for planar brushes of polyethylenéPE)-poly-
ethylenepropyrenéPEP platelet§l using neutron spin-echo
(NSE) technique. This technique can access dynamics in
length scale of a few tens to hundreds of angstr?ﬁﬁ%and
hence is very powerful to study the inner dynamics of poly-
mer micelles. Recently, Matsuolet al*® have investigated
dynamics of polymer micelles in aqueous solutions to fin

two diffusive modes, the center-of-mass diffusion and a fas )
of length of scattering vectd® covered by the former and

mode of still unknown origin. . 2 ey g p
In this study we have investigated dynamics of micellesth® latter is 5¢107-0.15 A™ in this experiment. NSE mea-
ts were carried out using the NSE spectroﬁ%eter

of deuterated styrene-protonated butadiene diblock copoly2t'¢men g
mers (PSD-PB in deuteratedn-decane, focusing on the &t the FRJ-2 reactor at the FZ-Julich. In the NSE measure-

chain dynamics in the corona using NSE. Before the dynamr_nents the normalized intermediate scattering function

ics study we have evaluated the structural parameters of tHéQ-0/1(Q,0) is obtained in the Fourier time range of

micelle using SANS to give a basis for the discussion of the?-1—22 ns and in th@ range of 0.05-0.24 A. The NSE
NSE data. measurements were carried out at 40 °C in order to reduce

the solvent viscosity without, however, destroying the micel-

lar structure, the SANS experiments were mainly done

at 25 °C and a few at 40 °C for comparison. They do not
The sample used for this experiment is a diblock copoly-yield significantly different scattering intensities at both

mer consisting of a deuterated polystyréR&D) block and a  temperatures.

protonated polybutadier(®B) block, which was prepared by

an anionic polymerization methdd The molecular weights  [1l. RESULTS AND DISCUSSION

of the PSD and PB blocks are 11 100 and 23 000, reSPeG; o cture of micelles

tively, and the polydispersity,,/M,, of the two blocks is '

less than 1.07. The solvent was deuteratetecane, which Small-angle neutron-scattering measurements were per-

is poor for PSD but good for PB, and hence the core andormed on the micelle solutions with concentrations of 0.2,

corona of the polymer micelle consist of PSD and PB chains0.5, 2.0, and 20 wt %. The observed scattering cross sections

respectively. We also used PB homopolymer with, 1(Q) are plotted in Fig. 2 in absolute units, and the intensities

=34000 andM,,/M,=1.06 for neutron-scattering experi- normalized to the concentratiol{Q)/C, are also shown

ment. The polymer was also synthesized by an anionic polyin the inset of Fig. 2. At the low concentrations of 0.2 and

merization method? 0.5 wt %, the scattering profild¢Q) are almost identical and
The neutron-scattering length density of the present sysndependent of the concentration, suggesting that we are see-

tem is shown in Fig. 1, together with a schematic drawing ofing an isolated micelle. At the high concentrations of 2 and

Il. EXPERIMENT
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FIG. 3. Guini_er plo_t of SANS intensity from 0_'2 V‘_’t% PSD-PB diblock 1 4 observed and calculated SANS intensitie®) from 0.2 wt %

coponTer micelle in deuteraten-decane solution in & range below  pgp pp diblock copolymer micelle in deuteratadiecane solution(O):

0.01 A observed,(---): core-shell scattering contributiorf; - -): blob scattering
contribution,(—): sum of core-shell and blob scattering contributions with-

. . out convoluting with resolution function of the SANS machine, &né):
0
20 wt %, on the other hand, the intenslQ) decreases in sum of core-shell and blob scattering contributions after convoluting with

the low Q range below about 0.01 A with increasing con-  resolution function of the SANS machine. The down arrows showQhe
centration. This indicates structure factor effects that resultalues of NSE measurements.
from mutual repulsion of micelles. Careful inspection of the
normalized intensities of the 0.2 and 0.5 wt % solutions inconsisting of PSD blocks is almost the same as that of the
the inset—the 0.2 wt % solution has slightly higher intensitysolvent (see Fig. 1, and the contrast factor of the core
below about 0.007 A—suggests that small interference ef- Pb,sp—Ph.sol IS €xtremely small. Hence, Eql) can be ap-
fects still exist even in the 0.5 wt % solution. Therefore, in proximated to
order to evaluate the form factor of an isolated micelle we 2

> CwpsoMgNa

analyzed the SANS data of the 0.2 wt % solution. —=— (Pb.g = Pp.so)?
As a first approximation, we assume that the polymer o) PeMioNa
micelle can be.descrlbed py a hard-core-shell m'ode'l Whlch is R§F(QR2) _ REF(QR:L) 2
schematically illustrated in Fig. 1. The scattering intensity X R_R3 ; (2
[1(Q)=d2/0Q] from this model is easily calculated and 2 1
given by, where the expression in brackets represents the normalized
93, CopeoNa[ 42 , form factor P(Q) of a hollow sphere and approaches 1 for
Q= 0o M3 [#s(Pbe = Po.sol Q—0.
tot' "agg For an isolated object, not knowing the form factor
X{R3F(QR,) — RF(QRy)} P(Q), the scattering intensity can be described by the Guinier
_ 3 ) equation in a lonQ range below 1Ry, whereR; is a radius
* delpo,sp~ Poso) RIF(QRIT, @) of gyration of the object. In the present experiment, it is
where My, and ps, are the total molecular weight and the given by
mass density of the solve(deuterated-decang, py, soi, Pp s o3 §Q2
and pp sp are the scattering length densities of solvent, PB 20 = I(O)exp(— 3 )
block, and PSD blockC,, and N,44 are the weight concen-
tration of polymers and the aggregation number of polymers ) ©)
in a micelle, andps and ¢¢ are the volume fractions of PB in 0) = CwpsoM BNagg(pb 5= Pb.co)?
X ,sol -

the shell and PSD in the core, respectiv@yandR, are the PaMioiNa
outer radii of the shell and cor&(x) is the normalized scat-

tering amplitude of a sphere According to Eq.(3) we plotted the logarithm of the scatter-

ing intensity againstQ? in the Q range below 0.01 A
3[sin(x) — x cogx)] in Fig. 3. We have evaluated the prefact¢®) and radius
x3 ' of gyration R, from the straight line in the figure,

N o as 16.0++0.2 cnt and 171+2 A, respectively. The aggre-
If we assume homogeneous densities within the shell angation number Nog, in Eq. (3) was calculated from

F(x) =

core, the volume fractions follow as 1(0)(=16.0 cmY) to be 78.7. From the aggregation number
bo MgNagq bos MgoN,, Nagy We have calculated the radius of the cBeto be 68 A
S peNa(4m/3)[RE - RE]’ C under an assumption that the density of the core is the same

~ pspNa(47/3)[RE] ) ) : :
PsoNA(47/3)[Ry] as that in bulk PSD, i.e¢pc=1. The radius of gyratioR, of

where Mpg and Mpgp are the molecular weights of PB and an isolated micelle must be given as that of a hollow sphere
PSD blocks, anghg=0.9 g/cn? and psp=~1.12 g/cni are  because the scattering length density of the PSD core is al-
the mass densities of PB block and PSD block, respectivelynost the same as that of the solvédéuteratech-decang

In this experiment, the scattering length density of the coréThe radius of gyration of a hollow sphere is giverfby
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FIG. 5. SANS intensities of PB homopolymer in deuteratedecane solu- 10 1T T T \\
tion for various concentrations. The solid curves are the results of fits using 3 0 0.02 0.04 0.06 0.08 0.10 Y
Ornstein—Zernick equatiofi (Q)=1(0)/(1+Q%#?)]. In the inset, evaluated 10 e S - e
1(0) and ¢ are plotted as a function of polymer concentration. 0.01 ¢ A-1 0.1
5 o FIG. 6. Model fit of the 2% data with a core-shell model multiplied by a
_ 3(1-a”)R] model structure factor. Thin dashed line: blob scattering contribution, thick

a= I:21“:22- (4) dashed line: micelle contribution, and solid line: micelle contribution mul-
tiplied by the structure factor and added blob scattering. The insert shows
With the core radiusR;(=68 A) we get the total radius of the used model structure factor.
micelle R,=217 A through Eq.4). Now we can calculate
the scattering intensity from a dilute micelle solution in ab-ues into Eq.(5) we have estimated the scattering intensity
solute units using the core-shell model Ef) by inserting  due to the concentration fluctuations in the corona. Finally,
the parameters given above without further curve fitting. Theve obtained the total SANS intensity from the micelle as a
calculated intensity is plotted in Fig. 4 as a dotted line, whichsum of Egs.(1) and(5). In Fig. 4, the scattering intensities
agrees with the observed intensity in a I@vrange below due to the chain concentration fluctuations in the colf@ta
about 0.015 A® while it decreases much faster than the ob-(5)] and the total intensity are given by a long-dashed line
served one ag increases. This indicates that there are denand a thin solid line, respectively. The total computed scat-
sity fluctuations on shorter length scales within the micelletering intensity was convoluted with the resolution function
structure. The most plausible origin is chain fluctuations inof the SANS machine, which is shown by a thick solid line.
the corona, which is the so-called blob scattetigg(Q) that  For this calculation of the SANS intensity we have estimated
adds to the average shape micelle scatteriff@), i.e., all the structural parameters from the direct experiments
32100 =1(Q) + Q). without model fitting. Nevertheless the agreement between
We have tried to estimate the scattering intensity due tahe calculated and observed intensities is not bad. However,
the fluctuations experimentally assuming that the chain flucthe calculated peak seems to appear atQaposition
tuations in the corona may be compared to those in a PB=0.0266 A') slightly smaller than the observed one
solution with a concentration that correspondsgpto For this  (=0.029 A ™). This suggests that the real effective outer ra-
purpose, SANS measurements were carried out on deuteratdilis R, is slightly smaller than that evaluated from the radius
n-decane solutions of PB homopolymer wih,=34 000 as  of gyration Ry within this model. Better agreement between
a function of PB concentration. The observed SANS intensithe calculated and observed scattering intensities could be
ties are shown in Fig. 5 and fitted to the Ornstein—-Zernikeobtained by fitting the theoretical curve to the observed one
equation by adjusting the structure parameters.
1(0) In a system of interacting spherical symmetric particles
(Q=—2=, (5)  the scattering intensiti(Q) can be described by the product
1+6Q of a single particle form factoP(Q) and a structure factor
whereé& and1(0) are a correlation length and the intensity at S(Q).
Q=0. The results of fits show good agreements. From the fits  |(Q) = p(Q)3(Q). (6)
we have evaluated the correlation lengtandl(0) and plot-
ted in the inset of Fig. 5 as a function of the polymer con-Note that the total scattering cross section is
centration. Using the structure parameters of the micelle
Ry, R, andN,gq evaluated above, the average concentration  ~ = P(Q)S(Q) + Ipion(Q), (7)
of PB blocks in the corona was calculated to be 8.6 wt % or
¢=0.081, respectively. At this concentration, the correlationsince the fluctuation scattering is totally uncorrelated be-
length and the intensity(0) are 30.5 A and 4.48 cth, re-  tween different micelles such that any interference terms be-
spectively, for the homopolymer solution. Putting these valtween neighboring particles average out to zero.

2
Ro= 5(1 - a’)a?’
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2 T with the experimental observation. The structure fa&(@)
of the 20 wt % solution is not crystal-like, suggesting that the

— 0,
Cp =0.2 % ; micelles are not well ordered. The distance between the near-
1 PN gy est neighboring micelles is about 170 A for the 20 wt %
0.5 Wt% solution, which was calculated from the first peak position of

1l ] 0.037 AL This is much smaller than twice the micelle ra-
g dius Ry(=217,...,270 A), suggesting that the micelles
171 1 2.0 wt% heavily interpenetrate and/or deform each other.

] . 20 wt% | B. Dynamics of the micellar corona

i g 0000000000000000?

In the next step, we investigated dynamics of the mi-
f celles in the 2.0 and 20 wt % solutions using a NSE tech-
00 505 o nique atQ=0.05, 0.08, 0.10, 0.14, 0.20, and 0.24'Awhich

4 are indicated by the arrows in Fig. 4. In thi® range the
Q/A scattering intensity is dominated by the PB chain fluctuations
FIG. 7. Structure facto5(Q) for the polymer concentratio€,=0.2, 0.5, in the corona._The_ sc_atterl_ng contribution from the aver‘?‘ge
2.0, and 20 wt %. shape(dotted line in Fig. 4 is at least one order of magni-

tude smaller than the PB fluctuation scattering.
The observed normalized intermediate scattering func-

The 2% data have been fitted using the more fleXibletionsI(Q,t)ll(Q,O) are shown for the 2 and 20 wt % solu-
core-shell model wher&Q) has been modeled by Sharma jjons in Figs. §) and §b), respectively, in & range from

and Sharm# and the blob scattering was addédg. 6. A 0,05 to 0.24 AL In this Q range we mainly observed inter-
perfect data fit can be obtained observing all mass conservaz| motions of polymer chains in the corona. The transla-
tion conditions imposed by the known molecular weightstional diffusion contributes to the relaxation of diffusing ob-
and concentrations. However, the aggregation number d?ects as multiplicative factor expDQ2) to the internal

pends somewhat on the fit detalls.g., theS(Q) model  dynamics. The diffusion coefficient may be estimated using
within a range between 67 and 83. Also, the detailed form ofhe Einstein—Stokes value

the radial shell density may be varied somewhat within this
approach. An ansatz of a radial density decay of the outer p= _keT
shell according tap(r)=r~#2 up to the outer shell radius is TRy
compared to a two-shell model with smeared boundariesyjiiy 7=0.73 cP the estimated viscosity of deuterated
Both models fit the data in a way, as shown in Fig. 6. Here, qecane at 40 °C an&,=250 A the estimated hydrody-
we arrive at the limits of the discrimination power betweenpamic radius of the micelles. Due to interaction as expressed
similar models of SANS without multiparameter contrastjy gQ) the effective diffusion constant may be modified,
variation. The general features of a shell with decreasingy _.(Q)=D H(Q)/S(Q) with H(Q) the hydrodynamic factor.
density, with increasing radius, and an effective extensioryowever, for the 2% sample the functio8&Q) andH(Q) in
of about 250 A are corroborated by all model fits. Sincethe Q range of NSE experiments are close to 1. This means
mass conservation holds the outer radius obtained for connat center-of-mass diffusion will lead to an extra drop by a
stant radial density is lowe(217 A). Parameters for the factor 0.75 of the relaxation curve fap=0.1 A™* and t
modelS(Q) were hard-core radius 68 A, potential-well width =22 ns. The measured relaxation drops to about 0.25 at this
250 (290 A, and potential-well height 1(9.1ksT, where  point which indicates that most of the relaxation observed at
the values in parentheses relate to the smeared two-sheligherQ is due to internal dynamics of the corona.
model. As shown in the structural studies, the micelles are not
Using the form factorP(Q) evaluated above, we have overlapped in the 2 wt % solution, but they are deeply inter-
extracted the structure fact&Q) for the micelle solutions penetrated in the 20 wt % solution. Thus the factorization of
and plotted in Fig. 7 at the concentrati@y=0.2, 0.5, 2.0, center-of-mass diffusion and internal dynamics may break
and 20 wt%. It is obvious that th&Q) is unity at C,  down for the high-concentration sample. First we focus our
=0.2 wt % because we observe an isolated micelle. In thattention onl(Q,t)/1(Q,0) of the 2 wt % solution or the
0.5, 2.0, and 20 wt % solutions, we observed a first correlaisolated micelles. A far as we know, there are two reports on
tion peak inS(Q), which corresponds to the distance betweenthe dynamics of corona chains in isolated polymer micelles
the nearest neighboring micelles. It is hard to evaluate they NSE**?° In both of these studies it is claimed that the
peak position for the 0.5 wt % solution precisely due to theso-called breathing mode is observed, which isollective
experimental error. At 2.0 wt %, the peak position is aboutmotion of the corona chains driven by the osmotic compress-
0.012 A, giving the distance of 523 A. The number density ibility and the chain entropic force. The theoretical predic-
of micelles calculated from the aggregation number istion was given by de Gennes in 19896Acc0rding to the
(1/636 A)® inserting this(with R,=250 A) into the Sharma— theory as well as the previous experimental studies,
Sharma or Percus—Yevick form of the structure factor a first(Q,t)/1(Q,0) of the breathing mode of corona chains is
peak position 0fQ=0.0122 A results in perfect agreement characterized by multiple component decay including very

~ 1.26 Ans (8)
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FIG. 8. Normalized intermediate scattering functit&(@,t)/1(Q,0) for [(1/6n)(kT/1]s)03t]2’3

PSD-PB diblock copolymer micelle in deuterataelecane solutions(a)

C,=2.0 wt % andb)C,=20 wt %. The solid curves in the figures are guides ) ) ) ) ) ) )

to the eye by stretched exponential function fits. FIG. 9. Zimm scaling of normalized intermediate scattering function
1(Q,1)/1(Q,0) for PB homopolymer in deuteratettdecane solutions(a)
Cp=2 wt% and(b)C,=20 wt%. The solid lines are Zimm master curve
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fast and very slow decays from relaxation modes of the av[ltted to the observed data in the short-time region bel®¢@*t)?3=1.5.

erage segment concentration. In particular, the observed ini-

tial decays were considerably faster than the correspondingcattering function of the Zimm model was theoretically cal-
Zimm dynamics of the corona chains in a homopolymer soculated by de Gennes and Dubois-Viol&ttand is given by
lution. In the beginning of this study we also expected the 1(Q,1) % ” u

breathing mode in this micelle system. However, the ob- I(Q—O):f duexp) —u—(I'z) h[(r—t)z/g] ,

served intermediate scattering functid®,t)/1(Q,0) of the ' 0 z
2 wt % solution of PSD-PB micelles is even slightly slower 40 cosx
than that_ of the PB-hqmqponme_r solutlpn, as vy|ll bg shown  hy) = _J dx—5—[1 - exd- y 253, 9)
later, which renders it virtually impossible to identify any mJo X

traces of a breathing mode. Which mode governs the motions

of corona chains in this micelle? To shed light on this ques- I, = 1 kT 5

tion NSE measurements on deuteratedecane solutions of 6w o <

butadiene homopolymer with almost the same molecular, . . . . .
weight (M,,=36 000M,/M.=1.08 in the concentration According to this calculation, the Zimm rate constahtis

i 3(= =1 A3 3
range from 1 to 32 wt % were compared to those on theglvfn by .(1/677).(le 7.75)Q (=314 nsT A7 QY), vyhere
. . . . m4=0.73 cP is the viscosity of the solvent, and the interme-
micellar dynamics. Apparently, the observed intermediat

. . - Siate scattering functio ,0)/1(Q,0) can be scaled by the
scattering function$(Q,t)/1(Q, 0) for the solutions are very so-called Zin?m timg((gl“z)t)z’(g 'I)'hen the obse);ved

similar to that of the isolated micelle solutions. In particular|(Q,t)/|(Q'O) is plotted against the Zimm time
is the intermediate scattering function as obtained from a QWQat)Z/s[W:(UGW)(kT/ n)=314 ns'A% in Figs. 9a)
wt % PB-homopolymer solution nearly indistinguishable 5 gb) for the 2 and 20 wt % solutions of PB homopoly-
from that from the 2 wt % micellar solution, see Fig. 11. mer, Note that, e.g., @=0.1 A"! the estimated initial rate
Here we note that the SANS analysis of the micelles gave agontribution due to center-of-mass diffusion is 0.0126'ns
average polymer concentration in the corona of 8.6%. whereas the Zimm dynamics contribution is computed as
The standard model for the dynamics of polymer chain®.314 ns! about 25 times the center-of-mass diffusion rate.
in dilute solutions is the Zimm mod& which contains the As seen in Fig. &), the Zimm scaling apparently works well
hydrodynamic coupling of chain segments and entropidor the 2 wt % PB-homopolymer solution and all the data
forces between them as main ingredients. The intermediatgoints fall on the master curve, however, the effective sol-
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(a) PSDPB diblock copolymer
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o =0. o 0.6
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g a0 s {04
04l
10.2
02}
0 L 1 1 1 0
0 1 2 3 4
[(1/67) (kT )Q%HP° t/ns
10% FIG. 11. Comparison of relaxation curves from the 2% PSD-PB solution
; ) (solid circleg with those from a 8 wt % PBsolution (open triangles for
A b) PSDPB diblock | . . .
081 % ! )cp =20 :,n%z copemer Q=0.08 and 0.14 A'. The solid and dashed lines are stretched exponential
fits for the PSD-PB and PB data, respectively.
g o6
= later. The master curve fitted to the observed data for the
S 04 isolated micelle solution is shown in Fig. (H). The decay
rate in the micelle solution is clearly slowed down compared
- with that in the homopolymer solution and the effective vis-
cosity amounts to 1.3 cPL.2 cP if a center-of-mass diffu-
" sion of 1.26 A/ns is(not) included, resulting in a decay rate
0 ratio of 0.80. The scaling property of the decay curves from

3, (2m) the micelle indicates that the brush dynamics is close to that
[(1/6m)(KT/M _)Q™ Y] . . : . .
¢ of a polymer solution with Zimm dynamics. The effective
FIG. 10. Zimm scaling of normalized intermediate scattering function Chain concentration of 8.6 wt % in the corona as determined
1(Q,)/1(Q,0) for PSD-PB diblock copolymer micelle in deuterated from the SANS results suggests a direct comparison with the
][;;tde%c?gethseo'ggggiﬁggp;azta"vi;"/zhgh; Srcz“tci‘n:?ereisiggmk:g(wte)'z)‘g_”ft?” 8 wt % homopolymer solution. Indeed the comparison re-
with »=1.74 cP.(b)C,=20 wt%. The lines through the data points are VEaIS @ better match between the 2 wt % micellar solution
guides to the eye only. At long times clear deviations from a single maste@Nd the 8 wt % PB-homopolymer solution than between the
curve are observed. 2 wt % micellar solution and the 4 and 16 wt % homopoly-
mer solutions. The best match betwdé®,t)/1(Q,0) of 2
. o L wt % PSD-PB and 8 wt % PB is observed @=0.08 At
vent viscosity(fitted solid line is 0.98 cP rather than the (see Fig. 11 Still there are subtle differences in the shape of
expected 0.73 cP. In the more concentrated soluti@f$,  yhe ¢\rves which may be expressed in terms of a stretching
20%, and 32% on the other hand, deviations from the exponentsB which are(0.871+0.03,0.757+0.01from fits
Zimm scaling appear and deviations from the Zimm masteg, exd—(t/ 7#] and 7=14.4+0.4 ns in both cases. In the rel-
curve are significant. Only the short-time behavianitial evant range(i.e., where S(q,t)/S(g)>0.1) the Zimm
slope remains consistent with the Zimm expectation for the ,qel function matches a stretched exponential with
given solvent viscosity. This obvious deviation begins at a- g5 with a maximum error of 0.015. Deviations from this
certain concentration between 4 and 8 wt %, and is enhancelgi value indicate and quantify deviations from a pure Zimm-
as the concentration increases. Comparing the decay curve pre behavior.
the 20 wt % solution with that of the 2 wt ¥%ee Fig. 9, the The overallQ dependence of the rate is determined by
overall motional slowing down in the 20 wt % solution is fitting the data for differen values—including data from
clearly observed. The slowing down and the deviation fromindjvidual zones on the detector to incre&eesolution—to
the master curve must be predominantly caused by the instretched exponential functions. The stretching exponent was
crease of the effective viscosity with concentratieoncen-  fixed to 8=0.77 which yields fair fits over the whol®
tration effect rather than by the entanglements since the morange. Thereby Fig. 12 was obtained. It is clearly seen that
lecular weight of the PB chains is slightly smaller than thepver the wholeQ range 0.035Q<0.2 A™* a Q° depen-
critical entanglement molecular weigtt. dence of the rate ¥/is observed. The slope depends on the
For the 2 wt % PSD-PB micelle solution the intermedi- concentration of the homopolymer solutions and for the 8
ate scattering functionQ,t)/1(Q,0) is plotted as a function wt % solution nearly matches the slope obtained for the 2%
of the Zimm time~(WQ)?3in Fig. 10@). The Zimm scal- PSD-PB micellar system.
ing holds well within the available statistical accuracy forthe  The 1(Q,t)/1(Q,0) of the 20 wt % micelle solution is
isolated micelle solution, at least in the short-time regionalso plotted as a function of the Zimm tint&/Q)%3 in Fig.
below (WQ%)?3=3.5, while there are no signs of a breathing 10(b), showing that the scaling works in the short-time re-
mode. The question why it is not observed will be discussedjion below aboutW@)?3=1.0 while it deviates by slowing
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FIG. 12. Effective diffusion as function d@ for the 2 wt % PSD-PB mi-  FIG. 13. Effective diffusion as function o for the 20 wt% PSD-PB
cellar solution(solid circleg, the 1% homopolymer solutiofiriangles, the  micellar solution(solid circles and line as guide to the ¢ythe 16 wt %
4 wt % homopolymer solutioridiamonds, and the 8 wt % solutiorsolid homopolymer solutior{squarel and the 32 wt % solutiofstarg. The re-
squarel The relaxation times are determined by stretched exponential fitsaxation times are determined by stretched exponential fits with a fixed

with a fixed stretching exponen=0.77. stretching exponeng=0.77.
down in the long-time region. The onset Zimm time when (1 s Nagdagorel\li 13 10
1(Q,1)/1(Q,0) deviates from the master curve depend<on “\ 367 M core ’ (10

The decay rate ratio compared to the dildge wt %) PB
homopolymer to that of the 20 wt % micelle solution esti- whereM,,.is the molecular weight of PSD chain in the core
mated in the short-time region is 0.57. Fitting the Zimm (=Mpgp and p.e is the density of the core. The breathing
model to the data for the first 5,., 10 ns only yields an mode is a collective motion of many chains driven by the
effective viscosity around 1.7 cP. The effective PB chainosmotic compressibility of the chain segments. It is therefore
concentration is 14.7 wt %, which was calculated by takingtrivial that the grafting chain density on the core surface and
into account the overlap of the micelles. the resulting average density in the corona play important
For a comparison to the homopolymer solutions we fit-roles. The latter plays an essential role although they are
ted the data from the single detector zones with a stretchecbrrelated. If the polymer density in the corona is low
exponential exp-(t/7)#] with fixed 8=0.77 which yields enough the breathing mode is not observed, but the self-
fair fits with a y? around 2 throughout. It is clearly seen in motion of chaingthe Zimm modg is observed in the avail-
Fig. 13 that at lowQ the effective diffusion shown by the ableQ range.
micellar coronae is much slower than that of the comparable As Table | shows, the present micelle has only a slightly
solutions with 16 or 32 wt % homopolymer. We note that atSmaller density but a larger molecular weight of the “hairs”
the lowestQ evaluated here the intermicelle structure factorin the corona than those in Ref. 19. It is also closer to a
S(Q) as determined by SANS is already close to 1 angstarlike micelle than(in particula) the one investigated in
should not significantly influence the dynamics observedRef- 19 which tends towards a “crew cut” type. Visibility of
here. On a more local scal®>0.1 A1) the behavior of the the br.eathmg mode requires that it has a fas_ter dynamics than
20 wt % PSD-PB micellar solution approaches that of the 33h® Zimm modes. In a homopolymer solution of the corre-
wt % homopolymer solution rather than that of the 16% so-
lution, which is considerably faster. TABLE 1. Characteristics of two micelles used in studies of corona
The collective concentration fluctuations with longer dynamics.
wavelengths that lead to a plateau Df; below aboutQ

a .
=0.07 A% in the most concentrated homopolymer solutions Farageet 2 This work
and belowQ=0.05 A™* for the 16% solution are obviously Solvent n-decaned,, n-decaned,,’
suppressed in the micellar solution. This may be a conseRolymer PSD-PI PSD-PE
guence of the tethering of the chains to the micellar core that' 10 000(PSD) 11 100(PSD)
restricts their maximum displacements. . 7500(P1) 23 000(PB)
) : . N 120 78.7
Fmally, we would .I|ke to discuss .Why the breathlpg G' (chains/nrf) 0.169 0.137

mode is not observed in the present micelle system while iferage volume fractions 0.118 0.081 (0.052"

was observed in other two systefi€’Characteristics of the — —

. . . . . ererence .
micelles reported in Ref. 19 gnd this work are summarlzeq B eyteratedh-decane.
Table | where molecular weights of each block, aggregationpsp: deuterated polystyrene, PI: polyisoprene.
number in a micelle, the grafting chain density on the surfacéPB: Polybutadiene.

; ; °Aggregation number.

of coreG, and the average densigverage volume fraction ‘Grafting chain density
of polymers in the corona; are listed. The grafting chain oo g =68 A andR,=217 A (hard-core-shell modg|

densityG was calculated by "For R,=68 A andR,=250 A (flexible core-shell modg|
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sponding regime is reached@f gets small enough to see the effective segment concentratidl,M,c in the corona. The
diffusion-type behavior-Q? of the rate rather than theQ®  motion is well described by the Zimm mode for the 2.0 and
Zimm-type rate dependence which takes over at higher 20 wt % solutions in a short-time region while it deviates
The higher the collective, osmotic-pressure driven diffusionfrom the Zimm mode for the 20% solution in the long-time
is, the larger is th&) value where it meets the Zimm relax- region. The onset time of the deviation dependsQrnrhe
ation rate. In the present case the corona has a density @mm decay ratd’; in the micelle solution was slowed down
8.6% (or ¢s=0.081), at this concentration the homopolymer compared with that in the homopolymer solution. This slow-
solution is still not in the regime where the osmotic-pressuréng down has been assigned to the effective high concentra-
driven density fluctuations dominate and lead to a constartion in the corona. The differences I, between concen-
Desr. As Fig. 13 shows this becomes visible only at 16% andrated solutions and the 20% micellar solution are attributed
32% concentrations. The osmotic compressibility is the valueo end-tethering effect of the PB chains on the core surface.
that mainly determines this range of visibility of the collec-
tive diffusion-type motion. For semidilute and concentrated :S. Krause, J. Phys. Cheng8, 1948(1964.
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