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Diblock copolymers in the melt exhibit order—disorder phase transiti@BT), which are
accompanied by strong concentration fluctuations. These transitions are generally described in terms
of the random phase approximatiRPA) of Leibler and Fredrickson, which is able to explain
small angle scattering results in the neighborhood of the ODT, in particular around the correlation
peak atq*. The RPA theory has been extended to include dynamical phenomena, predicting the
short time relaxation of the dynamic structure factor in polymeric multicomponent systems. We
report small angle neutron scattering and neutron spin echo experiments on polyethylene—
block-polyethylethylene (PE-PEB and polyethylene-propylene-block-polyethylethylene
(PEP-PEE copolymers with molecular weights of 16.500 and 68.000 g/mol, which explore the
structure and dynamics of these block copolymers. Studying melts with different hydrogen/
deuterium labeling it was possible to observe experimentally the different relaxation modes of such
systems separately. In particular the collective relaxation behavior as well as the single chain motion
were accessed. The experimental results were quantitatively compared with the RPA predictions,
which were based solely on the dynamical properties of the corresponding homopolymers and the
static structure factors. The collective dynamics exhibits an unanticipated fast relaxation mode. This
mode is most visible at low wave numberg=£q*) but extends to length scales considerably
shorter than the radius of gyration. Furthermore, the dynamical RPA yields expressions for the
mobilities of chain segments in the block copolymer melt. These combination rules are at variance
with the experimental findings for the single chain dynamics, while they hold for the collective
response. ©1999 American Institute of Physid$S0021-960609)52120-X]

I. INTRODUCTION Such fluctuations are better studied in dynamic experiments.
Thus, recently one observes an increasing interest in diblock
Diblock copolymers represent an important and interestcopolymer dynamics. These dynamical properties are ana-
ing class of polymeric materials which are studied presentlyyzed through experimental, theoreti¢il? and computer
by quite a large number of research groups. Up to now, mos§jmulation approach&$** with the aim of determining the
of the scientific interest has been devoted to static propertiegain features of diblock copolymer dynamics in comparison

a_md to the identifi(_:ation of th_e relevant parameters C(_)ntrolt0 homopolymer dynamics. There are three main issues.
ling thermodynamical properties and thus morphologiés. o )
All these studies have allowed for improvements to the ran{1) The firstissue concerns the relation between the dynam-

dom phase approximatiofRPA) theory first developed by ics of a diblock copolymer and that of the homopolymers
Leibler® In particular, the role of theoncentration fluctua- composing the diblock chains. Is it possible to under-
tions which occur and accompany the order—disorder transi-  stand the single chain and collective dynamics of A-B
tion is studied8 diblock copolymer chains from the dynamics of the ho-

These concentration fluctuations which are pivotal to the ~ mopolymers A and B?
phase transitions in block copolymer melts are dynamic inf2) The second main point concerns the concentration fluc-
nature. They lead to a renormalization of the relevant inter- tuations and the influence of the order—disorder transi-
action parameters and are thought to be responsible for the tion (ODT) on these fluctuations.
induction of the first-order nature of the phase transitiof.  (3) The third relates to the dynamics of the chain segments

0021-9606/99/110(20)/10188/15/$15.00 10188 © 1999 American Institute of Physics
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located close to the interface between the blocks. Is therthereby may be either homopolymers of a given chemical
some particular interface dynamics? species or, e.g., homopolymer sections in block copolymers.
Hydrogenated and deuterated species of the same homopoly-

By analogy with the RPA describing the static proper- : : .
. " . mer are considered as different components. In this context a
ties, a dynamic RPA theory was develogédrhis theory . .
diblock copolymer is a two-component polymer system. A

descnbe; the response fupctlons Of. composite polymer >Y¥nixture of partially protonated diblock chains hA—dB with
tems using the single chain dynamics of the correspondin

. . Heuterated diblock chains consequently is regarded as a four-
homopolymers and the static structure factors as input. The

. - . : component system. The present work concerns such four-
main prediction concerns the dynamics of concentration fluc-

tuations(collective dynamicswhich display a critical slow- component systems.
. y play : We denote the fluctuations of the number density of the
ing down around wave numbegg ~ 1/R, in the neighbor-

hood of the ODTR, being the radius of gyration. monomers of componerjt at a pointr and at a timet as

Most of experiments made on block copolymer dynam-p j([l’\%wv\\//\;:ahi:;:i(;jfgglttrﬁnHV\;?nnz)Vrﬁg Jn ([c;ft)tr>1: (s) steirand
ics have been designed to test the validity and the limits Of':tdd an external potential(t) y
this dynamic RPA approacti:'’ They have investigated the P ’

diffusive motions of the block copolymer chains, which oc- _ 3 4

cur at length scales larger than the radius of gyratign ( Y(D= | dre" (DU(L,0), (1)
<1/R,). These experiments were performed using light .

scattegrinﬂjg‘21 and photon correlation spectroscdfymost ~ Where e(r) =collpa(r).po(1). - . - -.om(r).po(1) 1, (1) is

of them were made on block copolymers in solution sinc the Hermitian conjugate qi(r) andU(Ar.t) is an external

melts are generally beyond the scope of dynamic light Scatt_|me-dependent potential coupled to the density of the mono-
tering experiments. Furthermore, such techniques do not a'i‘-“e'fls- he i heGfythe Fourier—Lapl
low to observe the single chain dynamics in a melt. There are r; the flnﬁar respor]:seh the bt ed ourer—Lapiace
also experiments dealing with the reptation motions in blockransform of the mean of the number engiy,s) is ex-
copolymerg324 pressed as

In this work, we approach two of the three issues con-  5(r,s)=— x(q,5)U(q,s), 2

cerning block copolymer dynamics. We present investiga- ) ,
tions on the dynamics of diblock copolymer melts at length"N€rex(d.s) is the (m+1)* (m+1) dynamic response ma-

scales smaller than the radius of gyration of the chaips ( trix. In order to proceed further we split the Hamiltonian into

>1/R,) and at a time scale where entanglement effects arvo partsl,H;Hoﬂ; Hi. Ho is the Hr?mllltonlan. of the bare h
negligible. Both the single chain and collective dynamics areystem. In this re erenc:je Eystehm t r? !nteract|on§ among the
analyzed and compared to the dynamics of the correspondifONOMers are remove ut the chain connectivity is pre-

homopolymers. A quantitative comparison of the experimen-serVEd'Hl is the part of the Hamiltonian that describes the

tal results with the RPA predictions is made. Finally, the?nteractions_/\/i_j_(r) betwee_n monomers in the system and the
influence of the concentration fluctuations is analyzed. Amcompressmlhty constraints. These are taken into account

comparatively fast relaxation process is observed at a Iengllﬂy a Lagrange multiplieu(r,t) which may be considered as

scale where the RPA theory predicts a slowing down of thén external potential which couples to all monomers equally
concentration fluctuations such that the perturbed average of the total density is zero.

This article is arranged as follows: The main features of For H, results

the static and dynamic RPA theory are presented in Sec. Il. .
Section 11l reports the results obtained by small angle nequzf dr Q(E)U([,t)+f d3£9+([)f dr' W(r—r)p(r’).
tron scattering SANS) and neutron spin echo spectroscopy ©)
which are compared to the RPA predictions in Sec. IV. TheW
difference between single chain and collective dynamics in
relation with the theoretical predictions are discussed in Seg(q,s)=—x°(q,s)[U(q,s)+u(q,s)E+W(q,s)p(q,s), (4)
V. Finally the concluding remarks constitute Sec. VI.

e treatH, as perturbation, insert into E¢), and obtain

with the boundary conditio "p(r,s) =0, whereE is a col-
umn matrix with all elements 1.
Il. THEORY Now one may either eliminate(q,s) directly using the
In this section, we present the multicomponent randonPOundary CC?‘I’](,i,I'[.IOIETp(I‘,S)ZQ, orone may use_thc_a matrix
phase approximatiofRPA) approach developed by Akcasu component 0" in order to fulfill the incompressibility con-
straint. For that purpose we have to assume that “0” is not

etall® for the calculation ofS(q,t) of incompressible od N the b ot
diblock copolymer mixtures. The theoretical foundations forcoupled to other components in the bare systh=0 for

the calculations ofS(q,t) for a single chain in the Rouse 17#0). Thenu(q,s) can be expressed in terms of the matrix

model are briefly recalled. response
— m
A. Multicomponent random phase approximation —po(Q,s) _
P Pase =op U(A:8) =~ = Uo(@,9) = X Woy(@)pi(ahs).
We consider an incompressiblm(- 1) multicomponent Xoo 9 =1 5
mixture of polymers consisting oh different types of poly- ®)

mer chains within a matrix referred to a®:"” Components Substitutingu(q,s) into Eq. (4) we find
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2(0,5)=—x%q,9)[U(q,5) +ksTr(q,5)p(q,9)].  (6) For the limit of long chains and equal segment lengths
) S within the two blocks, the bare static structure faclﬁ?jﬁq)
following elements:

o(f,x)= f—2272[fx+exq—fx)—1],

1
vii(0,8)= o=~ 2kio(0),
! keTxo(@.s) = - (13
1 (7) x=0q°Ry,
vj(q,8)= kTO—(s)+ Kij (q) = kio(d) — kjo(d), with Ry denoting the radius of gyration of the diblock chain
81 X0 & andf the volume fraction of block A,
where
Shi= N fg(f %),
1 1
iy ()= o= | Wy (0) = 5 [ Wi (a) = Wy, (@)] . 2= $2N(1-f)g(1—f.x), (14
«ij is the Flory—Huggins interaction parameter betweeri the 0 :E V1¢of(1—f )Nz(g(lx)_ f2g(f,x)
andj monomers. In Eq(6), the matrices have a dimension 1272 f(1-f) ’ '
(m)*(m). We note that thes dependence of the excluded C(1—f)20(1—f
volume matrix is solely determined by the contribution of the ( )79( X))
bare susceptibility5,(q,s) from the matrix component. Fi- Using the notionsA =S5,S5,— (S2,)2 and 3 =S,+S),
nally, combining Eq(6) with Eq. (2) the response function +2s?, we finally arrive at the well-known Leibler equation
in the interacting system is given by of the static structure factor:
x(4,9)=[1+kTx%da,s)r(a,9] *x°(q,s), ®)
where| is the unit matrix. Fors=0, we obtain the static K

response functiory(q),

(@) =[L+kTx(@) z(a)] *x%(a) _ _
In the frame of linear response theory the dynamic re-
or ) sponse function matriy(q,t) is related to the intermediate
1 1 dynamic structure factor by
——+kTr(q).

ATQ): Xo(ad)

Equationg8) and(9) are the basic results needed in order to
calculate the static and dynamic structure fac®fg) and The Laplace transformation yields
S(a.t), respectively.

B. Static scattering function x(q,s)=— g[sgq,s)— S(a)]. 17

According to the linear response the@rythe static scat-
tering functionS(q) relates to the static response function

x(q),

C. Dynamic structure factor

J
kgTy(q,t)=— %S(q,t). (16)

In order to proceed, we have to connect to results from
diffusion theories based on the generalized Langevin equa-
tion. From there the Laplace transformed dynamic structure

1 10 factor may be written as
x(a)= mﬂq), (10

S(q,8)= (0). (18)

1
. . . ——————§
with V the volume of the system. This relation also holds S=I+q2|Q(q,S)=
betweeny®(q) and S°(q). From Eq.(9) the basic result of
RPA for the static structure factor matrix immediately fol-

lows:

D(q,s), thereby, stands for @ ands-dependent generalized
diffusion matrix:

1 1 D(q,s)= . [Q(a)—&(q,9)] (19
(11 I

S S Y@

For an A—B diblock copolymer system, E@.1) yields
for the partial structure factor§;(q),

where9=Iimtao[a§(q,t)/at]§‘1(q) is the so-called “first
cumulant” matrix and ¢(q,s) a Laplace transformed
memory function, which we will neglect in the following.
S2a(Q)=Sup .Witr; the use of Eq(18) we may rewrite Eq(17) and
arrive a

(Saasbob_ Saf))
—s. = . (12 B 1
ab Sga+S:b+2s(a)b_2k(sgasob_soaz) ( ) X(qys):qug(qls) S=|+q29(q.5)=8(q) (20)
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Equations(20) also holds forgo(q,s). Introducing Eq.(20)
both for y(q,s) and y°(q,s) into Eq.(8) and exploiting Eq.
(11), we obtain
1 B 1 . a%kgT
D(q9,98(q) D%a,s)s’(@)  V

Mi) /sec”

1
xsleas)—v(q)]. (21)

Now we define a generalized mobility matrix(q,s)
= (1kgT)D(q,s)S(q) and we furthermore realize that the ]
last term in Eq.(21) is solely determined by the bare re- 10 ' A

sponse function of the matrix component Eg), oot q/A o
v(q,s)—v(q)= 8| - ET1 (22 FIG. 1. (a) Q dependence of the two eigenvalugg(q) (solid line) and
= = Xoo(d,S)  XodA) | = I',(q) (dotted ling predicted by a two-component dynamic RPA approach

. T . . o L for the case of an hA—dB labeled diblock copolymer melt. Calculations
with EE" being a matrix containing 1 at all positions. NOW \ere performed withf=0.5, Rga=Rge=40 A, No=Ng=200, x1,=0.

we apply Eqs(16)—(18) to the dynamics of the bare matrix T';(q) describes the collective mode of diblock copolymer chains.
and arrive at a relation between the bare response function
Xgo(q,s) and the corresponding generalized mobility,

1 —Vi S N 1
X0o(@,S) 9% ud(a,8)  BSa)

Using xo4(9) = (B8/V)S3(q) and inserting Eq(23) into
Eq. (22) yields

For a time-independent mobility or diffusion matrix Eq.
(18) may be solved easily with the result

. (23

§<q,t>=2 ai(q) 8] (q)e Mtg(q), (29)

whereg;(q) andB;(q) are the right- and left-hand eigenvec-
S - tors of the matrixQ with respect to the eigenvaluas(q).
[z(q,5)—v(@)]= W—mi'z : (24 The measured intensity in a scattering experiment de-
00+ pends on the scattering length density contrasts of the differ-
With Eq. (24) substituted into Eq(21) we finally arrive  ent components i with the respect to the matrix
at a RPA equation for the generalized mobility, Sb b
i 0

1 1 1 Ki=—=——, (30)
@8 2909 Rliaer 29 B

#1q, &4, Fool 0 where b; are the scattering lengths of the atoms within a
With the aid of the Sherman—Morrison formula, Akcasu monomer of componenti™ and v; is the monomer volume,

and Tombakoglu have inverted E@5) with the result by and v, denote the same quantities for the matrix. The
measured intensity follows as

(26) 1(q,t)=KTS(q,1)K, (32)

whereK is the vector of the component contrast factkrs
Using the component contrast factors we may also give a

©°(q,9)EE"1%q,s)
199,89 +ETu%q,8)E

We note that the first cumulant matrix of E4.9) relates

w(9,8)=u%q,s)—

to (9,5 by general result for the first cumulait(q) under arbitrary
Q(q)=kTPu(gq,s—=)S(q) *. (27)  contrast. Using the definition, we have
- gty 1 K'QS(q)K
Furthermore, sincg(q,s) only depends on bare mobilities, I'(q)=— lim (a,t) K'QS(q)K (32

the interaction terms gxpressed in terms 'of the Flory Huggins o Ot 1(qQ) - KTS(Q)K
parametersc;; do not influence the mobility. _ _ .
For the case of Rouse dynamics, which only depends oMVith Eq. (27) this may also be written as
local friction of the bare mobility matrix, ) —kTa? IST,g(q,S—WO)L( o
(@)=kgTq TKS@K (33

i} (9,5—)=m(q) =8 (28)

I
iz
D. Results for a diblock copolymer melt and a
is diagonal,{; being the monomeric friction coefficients of mixture of two different diblocks
componenti and L; the number of all monomers of this
component in the system. If we normalize to the total num
ber of all monomers and consider proper different mono-  The relaxational motion of a diblock copolymer may be
meric volumes, the resulting mobility matrix elements areexpressed in terms of two relaxation modes characterized by
m;; = (¢;i/{;) 6;; where; is the volume fraction of compo- the eigenvaluek;(q) andI’,(q) of the first cumulant matrix
nenti. Q(q) [Eg. (19)]. Figure 1a) displays these eigenvalues for a

_1. Diblock copolymer
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FIG. 2. (a) Q dependence of the eigenvalues predicted by a four-component RPA approach for a mixture of two kinds of symmetric diblock copolymer chains
differing by their labeling.\; (solid ling), N, (dash-dotted ling A3 (dotted ling. Calculations were performed with=0.5, Rja=Rgg=40 A, No=Ng

=200, k1,=0. (b)—(d) present the corresponding weighis(q) (solid line) and w,(q) (dash-dotted ling w3(q) (dotted line of the eigenvalues plotted in

(a). They have been calculated for different labeling conditighsmixture of 1% of dA—hB diblock copolymer chains in a dA—dB matii&), mixture of

1% of hA—dB diblock copolymer chains in a dA—dB matr{d) mixture of 1% of hA—hB diblock copolymer chains in a dA—dB matrix.

symmetric copolymetf=0.5, Ryj,=Rgyp= 40A, k1,=0) as q*R%KksT Arc N
a function ofg. While at highg both eigenvalues are pro- r,(g)= C 2122 f(1-f )]. (36
portional to the momentum transfer to the fourth power 2N¢ q°Ryg

éi%:;gghmﬁga;nlmg d?é%?;;: ;%(ﬁ)eg(;ﬁzrg:i |E?ge e-n- Zis an average friction coefficient which describes the col-

value(2) has no weight and the total structure factor starts tdective dynamics aznd ig givezn b= (1—f)Zat 1Ly, where
decay withT';(q), N=Nz+Np and Ry=Rg,+Ry,. The second mode stands

Tyt for the center of mass diffusion of the diblock, which is
I(q,)=I(q)e" #*¥". (34 invisible for the discussed contrast.

In our exampleS(g) would be the Leibler structure factor
[Eq. (15)] andI';(q) describes the collective dynamics of
the diblock copolymer melt. For small momentum transfers
I'1(g) may be given analytically, The dynamics of a four-component polymer mixture is
ke TH(1—f) characterized by four different relaxation modes ... \4
which—depending on the contrast conditions—appear with

. Mixture of two different diblock copolymers

Iy(q)=
NL(1—F)Zatfb] weights w;(q)---w,(q) in the dynamic structure factor.
3 These weights depend both on the volume fraction and on
s—2k1N|. (35 the contrast factorK; of the components in the mixture. In

X 5257 TnZ 12
20°(RgatRgp) FH(1=1) the following we will develop the results obtained for a mix-
For «1,=0 it describes the breathing mode of the diblock,ture of two kinds of A—B diblock copolymer chains differing
where the two arms move with respect to a common centebpy their labeling. Figure @) displays theg-dependent eigen-
of mass. Atg* for finite x1,, I'1(q) reaches a minimum values obtained for symmetric A-B diblock copolymer
displaying the critical slowing down of the concentration chains withN,=N,, f=0.5, andRy,= Rgb=40A. Due to
fluctuations. AtqR;>1 in the Rouse limit we have the incompressibility constraint the weight,(q)=0, i.e.,
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the\, mode is invisible. For our example we assume that thex;(q) we give the asymptotic values for small and latge
component A is the fastest witf},/{,=4. The eigenvalues 3 [(1—f)¢gt FLa]keT
depend on friction coefficients and the volume fraction ofthe )\ (q)= = 5 b 5 a8 ,
components A and B and the radii of gyration of the blocks. 2 NZalp(Rgat+ Rgp) f(1—1)
However, they do not depend on the labeling. The observ- kaT %32
; ; - Bl da,
able dynamics of this system results from a weighted )\, (q)= ——=—, (qRy)>1.
(weightsw., w,, w3, W,) average of these four eigenvalues 1244
representing relaxation rates. Again at highq the RPA predicts that the dynamics of arm A
We now discuss the nature of these relaxation modess identical to the Rouse motion of an A po|ymer in an
Thereby, we consider their appearance in the dynamic strugx-homopolymer melt. At lowg, \;(q) turns into a breathing
ture factor according to different chain labeling. First we mode with a nonvanishing relaxation rate g0, as the
relate to the case of pure hA—dB. This case is described byollective mode\;(q).
the eigenvaluens(q), which under these conditions is the  Finally, we consider a mixture of an hA—hB diblock in a
only eigenvalue appearing in the dynamic structure factoeuterated matrix dA—dB. Figure(@ presents the corre-
[ws(q)=1]. N3(q) corresponds to the collective mode spondingq-dependent relative weights far=1%. Under
I';(q) of the diblock copolymer melt discussed above. these conditions at high the theory predicts the observation
As the next case, we discuss a mixture of a small fracof the weighted average of two different homopolymerlike

tion dA-hB diblock chains with dA—dB copolymer. We as- Rouse rates, while at logy again the weight turns toward the
sume that the deuterated A and B segments have the sarggfusive mode &,). The then breathing moda, ap-

contrast factors. With this labeling, we will observe the mo-proaches the weight zero.
tions of the protonated B monomers which are the slowestin  Finally, we would like to note: While the eigenvalues of
this system. We denote the volume fraction of the dA—hB() describe relaxation properties inherent to the polymer sys-
copolymer chains ag. Figure 2b) shows the relative am- tem under consideration, the initial slopes discussed at the
plitudes calculated forr=0.01. end of Sec. Il JEgs.(32) and(33)] depend on the observa-
The dynamics of such mixture is dominated over thetion conditions and thus on the chosen labeling. In general
whole g range by the relaxation mode,(q), which thus the eigenvalues combined with the weights may be trans-
corresponds to the dynamics of the homopolymer branch Berred directly into initial slopes which are meaningful from
In the limits of small QRg< 1) and hlgh QRg> 1) analyti- an experimenta| point of view.
cal expressions can be derived: Caution is advisable—as now is exemplified—for the
case of labeling a small fraction of the A blocks in the sys-
tem. Looking at the weights displayed in FigcPwe realize

(qRg) <1,
(38)

2kgT
Ao(Q)= 9 %e . QRy<1, that at lowq weight crosses over from eigenvalag to
N((1=1)¢p+1la) eigenvalue\,. At the same time the values af; and A,
37 become grossly different. In an actual experiment clearly a
a2 relaxation corresponding %o, would be observed. However,
No(q) =ks T 12;b qRy>1. calculating the initial slope following Eq33) leads to
KTq?
I'q)= .
) NoZ,

a, being the segment length of polymgrObviously, at low

momentum transfex, describes the translational Rouse dif- Thus, the initial slope corresponds to that of an A arm per-

fusion coefficient of the whole diblock considering(1  forming translational diffusion without knowing about the

—f) segments exerting the frictiaf), andNf segments ex- slower arm B. Similarly also the prediction for a small frac-

erting the frictionZ, . In the highq limit, on the other hand, tion of labeled B arms leads to the unphysical re$ulg)

RPA predicts a strange result: The homopolymer B is pre= kT?/Ny{,, again a single arm performing center of mass

dicted to undergo the same Rouse dynamissaaB ho- diffusion.

mopolymer in a melt of B polymers. A proper average over  Applying the Gaussian approximation, the dynamic

the mixed surrounding is not predicted. structure factorS(q,t) which is measured in neutron spin
Now we turn to the opposite labeling and consider aecho experiments can be written in terms of mean square

small fraction of hA—dB labeled diblocks in a dA—dB melt. segment displacemen¢(srn(t)—rm(O))2> as

For «=1% the corresponding relative weight factors of the 1 %

e|genvalue_s are dls_play_ed in Figcp Now_at h|gh_q basi- S(q,t)= NE > exp — g((fn(t)—rm(o))2> . (39

cally all weight is with eigenvalueX;), which we interpret n.m

as the motion of the A arm in the diblock copolymer melt. At Fqrq R,>1 and times td<rg DeGenne¥ has derived

lower q in the region where the static structure factor underyp, analytic form which—neglecting translational diffusion—
hA—dB labeling shows its maximung{) the weight crosses may be expressed as an integral,

over to mode X,), the mode describing the translational 12

diffusion of the whole molecule. Thus, no matter which arm e o 1 12
we label at lowq always the translational diffusion of the S(a.t) q’l? fo dy exe =y = (Igt) "k(y(I'gt) )]
total diblock is seen, as it should be. Again also for mode (40



10194  J. Chem. Phys., Vol. 110, No. 20, 22 May 1999 Montes et al.

with TABLE I. Compilation of samples used in the experiments described in the
text.
2 (= cogxy) 2 KT
=— —pX — A4
== [ amed), remppatt o -
My, (PEE monomer (volume fraction
In this expressiors(q,t) depends on one single scaling vari- _Poymer  (g/mo) M, /M, numbey in PEB
ableu=q?JWI*. WI* is called the Rouse rate and is given hPEE 21550 1.02 385
by WI*=3kTI?/{ with { the friction coefficient of a segment dPEE 24530 1.02 383
of lengthl. Sample | is a mixture of 20% hPEE in dPEE
The first cumulant'g, of Eq. (40) becomes: hPE-dPEE 16 900 1.02 127 0.5
1 (3KTP dPE-hPEE 16 500 1.02 136 0.5
- 4 (41)  dPE-dPEE 16 400 1.02 130 0.5

Sample II: 20% hPE-dPEE in dPE-dPEE
Accounting also for translational diffusion E¢41) trans-  Sample lll: 20% dPE-hPEE in dPE-dPEE

forms into Sample IV: hPE-dPEE
W4 ) hPEP-hPEE 68 000 1.03 553 0.45
Fr=—=0% g+ ] (42)  dPEP-hPEE 68000  1.03 533 0.45
36 R2 dPEP-dPEE 68000  1.03 480 0.45
Sample V: 10% of hPEP-hPEE in dPEP-dPEE
A. Samples

Three different polymer systems were investigated: PEE
homopolymer and diblocks of PE-PEE and PEP-PEEsphere in order to avoid the degradation of the polymer
All polymers were synthesized by anionic polymerizationchains at high temperature. The experiments covered a tem-
of butadiene and isoprene monomers followed by subsePerature range 373KT<473K and gq range 0.01
quent hydrogenation or deuteratihSample | was a blend <0.1 A~1. Altogether seven temperatures were studied. The
of fully protonated and fully deuterated polyethylethy- obtained data were corrected for background and detector
lene (hPEE/dPEEwith the same degrees of polymerization. Sensitivity.

These polymers were derived from linear 1,2-polybutadiene ~ Similarly, sample VI(dPEP-hPEEwas investigated at
chains. Short symmetric diblock copolymers of poly- D17 at the ILL. There the temperature region around the
ethylene—block-polyethylethylend®E-PEB were obtained order—disorder transition temperaturgpr=473K was cov-

by deuteration of 1,4-polybutadiene—block-1,2-polybuta-ered 373KsT<533K studying a q range 0.0%q
diene copolymers, thus leading to a nominal composition of<0.12A™* at four different temperatures. Again the data
hed, of the protonated repeat unit. Samples Il and Il wereunderwent standard correction procedures and were con-
blends of the deuterated dPE-dPEE matrix with 20% of parverted to absolute cross sections.

tially protonated hPE-dPEE and dPE-hPEE, respectively.

Sample IV was the pure partially protonated hPE-dPEE

diblock. C. Neutron spin-echo experiments  (NSE)

Samples V and VI contained long copolymer chains — The high resolution inelastic scattering has been per-
of poly(ethylene-propylene-block-polyethylethylen®EP-  ormed using the neutron spin-ecliNSE) spectrometer at
PEB. The parent materials of these block copolymers werghe Forschungszentrunilith for most of the samples and
1,4-polyisoprene-block-1,2-polybutadienes. Sample V was ge NSE spectrometer IN11 at the ILL, Grenoble, France for

deuterated matrix dPEP-dPEE containing 10% of protonateg,e 109 hPEP-hPEE in the dPEP-dPEE sample. The samples
hPEP-hPEE while sample VI was pure partially protonatedyere filled in rectangular niobium cuvettes under argon at-

dPEP-hPEEnominald,hg composition of PEE repeat upit  masphere. The sample thickness was 2 mm for samples IV
block copolymers. The use of mixtures with partially deuter-5nq \v/| and 4 mm for samples I-11l and V. The illuminated
ated componentssamples I-Ill, and VY allowed us to ana- sample area was 3@B0mn?. To account for the back-
lyze single chain dynamics while collective chain dynamicsground scatteringmainly deeply inelastic multiple scatter-
is pooled on samples IV and VI. Table | summarizes alling residual SANS from the cuvette windows, gtoack-
samples and their characterization. ground samples of dPEE, dPE-dPEE, and dPEP-dPEE were
investigated and subtracted with the proper correction fac-
tors. Measurements were performed at two temperatures—
473 and 533 K. For the NSE spectrometer itich/?® the

The SANS experiments were performed at the KWS1momentum transfer covered was 0.03%<q<0.22A™?!
instrument at the research reactor FRJ2 of the Forschungsing five different detector arm settings=0.05, 0.08, 0.1,
szentrum Jiich and at D17 at the Institut Laue Langevin 0.14, 0.20 A1), where each setting allowed for the extrac-
(ILL) in Grenoble, France. In"lloh we studied sample IV tion of three to four different adjacemt values within the
(hPE-dPEE, which was put into 1 mm copper cell with multidetector range of-0.027 A~ per setting. We achieved
guartz windows. The cell was filled under inert Ar atmo- a g-resolution

B. Small angle neutron scattering  (SANS)
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FIG. 3. Variation of the static structure factotgb measured on the hPE-
dPEE diblock copolymer chainsample I\j as a function of the wave
number g. Temperature:(closed star 393 K, (closed circles 403 K,
(closed squape 413 K, (inverted trianglg 423 K, (closed star 433 K,
(open trianglg 443 K, (open circlg: 453 K, (open squane 463 K. Solid
lines represent the fit with a two-component static RPA apprpagh(12)].

Xm\z
AN

AdrwHm= \/(0-01'8\71)2‘F

i.e., 0.01 A 1<Agryum<0.02A~! using a wavelength

=8 A with a spread AN/\) pyum="0.1. The time range was
0.1<t<22ns covered by 14 settings. The measuring tim
was 1 day per sample and temperature. The reduction of t

multidetector data to th&(q,t)/S(q) curves followed the
procedures described in Ref. 28.

Measurements performed on IN11 at ILL were made at
wavelengthA =8.1 A allowing us to achieve times up to 20

ns. The accessiblgl range amounted to 0.02A&<q
<0.165 A~ with a g resolution of about 20%.

IV. RESULTS

A. SANS measurements
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FIG. 4. Q dependence of the logarithm of the static structure faS{oy)
measured on the hPEP-dPEE diblock copolymer ch@ample V). Tem-
perature:(squaré: 533 K, (circle): 518 K, (triangle: 498 K, (inverted tri-
angle: 478 K. The dashed lines represent the fit performed with a Lorent-
zian on theg range 0.01 A<q<0.035 A™! in order to determine the width
and the position of the peak. The solid lines represent the fit using a two-
component static RPA approadiEq. (12) and (43)] for 0.01 A 1<q
<0.035 A™1. For a better understanding, the fit and experimental data have
been shifted using a factd: 533 k: k=50, 518 K:k=10, 498 K:k=5,

478 K: k=1.

polymer is observed which results from the block structure
of the molecule. For the PE-PEE system a peak position near

%ﬂ:zo.osaﬁ\—l is found while for PEP-PEE as a conse-

ence of the higher molecular weighit=0.02 A~ is ob-
served.
For the PE-PEE system, at temperatures below 373 K

acrystallization occurs. This diblock copolymer does not un-

dergo the order—disorder microphase separation: the peak
stays broad above 373 K, where the system is in the mean
field regime and concentration fluctuations are low. The data
were analyzed in terms of the RPA structure fa¢x. (12)]
where we used expressions for the partial structure factors
allowing for the different segment lengths and thus different
radii of gyration of the two block$®

The morphology of a diblock copolymer is controlled by 0
the competition between the enthalpic and entropic contribuSii = ®iNiPii (Ni, i),
tions to the free energy. The enthalpy stems from the repuleo _
sion between segments of different chemical nature. The ded = VOINiBN; Py (NN ey,
gree of incompatibility is characterized by the Flory Huggins
interaction parametek,, [see Eq.(7)]. Generally at high
temperature the entropic contribution is dominant and the
system appears to be uniformly mixed showing weak spatiaPij(N; ,N;j, @, «;)
inhomogeneities or concentration fluctuations. At low tem- 1
perature the enthalpy wins and the system tries to minimize =__— g~ («ita)/2
the number of unfavorable contacts between chemically dif- NiN;
ferent segments. Therefore, it undergoes a microphase sepa- q2a?
ration characterized by long range order in its compositionai=T'.
The morphology of a diblock copolymer is directly reflected
by the static structure factor measured by SANS. Therebya; is the segment length of ainchain, N; is the
Figures 3 and 4 present the temperature-dependent staticmber of segments, angl, is the volume fraction of the
structure factors measured on the hPE-dP&HEnple IV and  monomers of type I*” In order to keep the number of pa-
dPEP-hPEEsample V) copolymer chains, respectively. At rameters small and keeping in mind that this sample was far
intermediateq the typical peak structure for a diblock co- from the ODT, we fixed the ratio of tha, according to the

 (1-e e ”

g _ -1 -
1+2(e%a—1) [1 NI

1
Pii(Nivai):W

(43

(1—e “MN)(1—e M)
(1—e %)(1—e )
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FIG. 6. Temperature dependence of the logarithm of the radii of gyration of
the hPE-dPEE chainginverted triangl¢ and the dPEP-hPEE chains
(squarg, of the PEE block(circles and the PEP blocktriangle of the
dPEP-hPEE diblock copolymer chains.

FIG. 5. Variation of the Flory—Huggins interaction parameter vs the invers
of the temperature (T): hPE-dPEE diblocKcircle), dPEP-hPEE(squaré.
Our experimental data are compared with the results obtained by &atés
for both systemgdotted lines: ugPE-PEE; down (PEP-PEH].

ratio of the radii of gyration of PE and PEE to what is known

from the literatureRy ™™= R} "Fexp(1x 10~ * K~ 1(T—T())* 4x* F"(x* )R

andR{"=R] "Fexp(~7x10 * K~}(T—Tp)).? With the to- I'= 2F 2N (44)
tal radius of gyratiorRy in terms ofa;, the kpg pggparam- 12

eter and the total intensity as fitting variables the data wergyhere x* =3.7995, F”(x*)=0.9688, andF* =21.396. Ry

fitted with Eq.(12) using Eq.(43). As can be seen from the andN are the radius of gyration and the number of segment
solid lines in Fig 3 a very good data description is achieved.of the diblock copolymer chain, respectively. The Flory—
Figure 6 presents the resulting radius of gyratiRg(T) Huggins parametexpgp_peethen follows from Eq(44).

which can be described by an exponential temperature de- The resulting temperature-dependent valuesRigrand
pendence with an expansion coefficiettpepee= —5 koo peeare displayed in Figs. 5 and 6. Other than for the

x10 /K, a value close to the average between PEE andhort chain PE-PEE molecule for PEP-PEE we observe a
PE. The absolute value &, however, comes out to about strong temperature variation — of Ry=94.3exp—1.0

10% larger than what would be expected from the radii ofx 1073k ~1(T—T,)][A] (T,=473K) considerably stron-

the single armge.g., 473 K:iR;=49A; V(RTH?+(RF™?  ger than what would be expected from the chain expansion
=44 A]. Considering recent results from Rosedateal,’®  of the homopolymers. Here stretching effects in the neigh-
who found that chain stretching sets in arowld=6, our  borhood of Topr contribute significantly(see also Bates
observation of chain stretching underpins this earlier findinget al?”). The Flory—Huggins parameter displays a linear re-
(for our system we have6«xN<7). Figure 5 displays the gression in 1T following the relation k&, .=4.27 K/T
obtained temperature dependent Flory—Huggins parameter1.8x 10 3. In order to compare with earlier SANS-based
kpeped T) as a function of 0. We find the relation data we include the results of Rosedateal®° by a dashed
rkpe-pee= 14.5K/T—0.0106. For comparison we also show line in Fig. 6. The agreement is remarkable. Note that exactly
the earlier results of Rosedaét al. by a dashed line. We thesex parameters that descril®Q) well within the RPA
observe the same temperature dependence but a slightly ddre used as input for the dynamical RPA the results of which
ferent entropic contribution. are compared to experiments on the same samples.

Other than for the previous polymer system, SANS mea-  Finally, in order to compare with the RPA structure fac-
surements performed on dPEP-hPEE chains show the preter, we also fitted Eq(12) together with Eq(43) to the data.
ence of an order—disorder transition which occurs at 473 KThereby, particular emphasis was placed on the flanks of the
The peak structure is much more pronounced and secondgtructure factor of the range, where the NSE experiments
order maxima are observed, which cannot be described in theere performed. These fits useg, andR, from the Lorentz
RPA formalism(Fig. 3). In order to obtain precise data for description as constraints and varied the radii of gyration of
the radius of gyratiorRy and on the Flory—Huggins param- the two components separately. The solid lines in Fig. 4
eter in a first attempt, we selected the peak region of the firstepresent the results which agree well in the flanks but show
peak only (0.01A1<q<0.035A"1) and fitted these data deficiencies in the description of the main peak. The follow-
with a Lorentzian giving the position of the pegk and its  ing results are obtainedR;="=75exj—1.2x10 *K " }(T
width T. From the peak position we derive the radius of —To)J[A] and R{"=56.9 exp—7x10 *K (T—Ty)]
gyration(q2R§=3.7995 according to Fredricksti The ef-  (T,=473K) (see also Fig. b Considering the absolute val-
fective Flory—Huggins parametef! is determined from the ues ofRy, we observe that the two blocks are stretched by
correlation length and the radius of gyration of the chainsl0% in comparison with the corresponding PEE and PEP
according t&° homopolymers?2°
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FIG. 8. Rouse relaxation rates from the PEE meltsafuar¢ 473 K and
FIG. 7. NSE spectra from(a) the PEE mel{sample ), (b) the 20% labeled  (circle) 533 K with the prediction of the Rouse modgblid line) given by
hPE-dPEE fraction in a deuterated PE-PEE mgsample 1), (c) the hPE- Eq. (42).
dPEE diblock copolymer mel¢gsample I\j. Q values in each case from
above,Q/A~1=0.05, 0.08, 0.10, 0.121, 0.187. The solid lines are the result

of a fit with a Rouse dynamic structure factor. Their extent marks the fitting . .
range; the dashed lines extrapolate the Rouse structure factor. All data were The same procedure was applied at 533 K with the result

taken at 473 K. of (WI*)=2.2x10"A%s™, The q dependence of the first
cumulantl'g [see Eq(42)] for the PEE at the two tempera-
) tures is plotted in Fig. 8. The solid lines display the predic-
B. Dynamics tion of Eq. (42) taking for the Rouse factor the average
The theoretical considerations developed in Sec. Il aréWI*). The filled squares and rings correspond to the results
concerned with the short time relaxation behavior or the ini-0f the individual fits performed at eaahvalue at 473 and
tial slope of the relaxation function. Deviations from the ini- 533 K, respectively. We observe an excellent agreement with
tial relaxation could in principle be treated by introducing the theoretical expectation. Finally, Table Il summarizes the
memory terms into the equations of motimee Eq(19)]; an  results at both temperatures.
approach that leads to considerable mathematical complica-
tions. For our data evaluation. we chose an approximation, 1he dynamics of single chains in the block
which accounts for the actual line shape of the Rouse relaxcopolymer melt
ation function[Eq. (40)] neglecting any further effects due
to, e.g., entanglements or intrinsic line shapes induced b

possibly complex relaxation processes in the diblock melt. f]”?poé‘e”ts .Of or;ethlflnd allows d![regt ar(]:cess 0 thet single
This approach allows a stable fit over a time regime Iargec ain dynamics of this component. Such expenments were

enough to obtain accurate results. The fitted values for thgam?d Ol;t ﬁn T:)aEmpIeshll ?EdE”l, where we sju;}tldledhthehdy-
Rouse factor yield the initial slopes required by the RPAN2MICS of the PE or the component within the short

As outlined in Sec. Il D labeling of a small fraction of

hain PE-PEE diblock. Furthermore, the structure factor of a
theory[see, e.g., Eq41)]. ¢ L .
vl 9., Eq4L)] fully labeled PEP-PEE chain within a PEP-PEE matrix was
1. Results on the PEE homopolymer investigated. Considering the values accessible to NSE

Neutron spin-echo measurements were performed on measurements, we analyze in the case of short PE-PEE
mixture of 20% of hPEE in dPEE at two temperatures—473chains the dynamics at length scales both smaller and larger
and 533 K. Figure (& shows the time dependence of the than the structural correlation domains while we only probe
intermediate dynamic structure factor measured at 473 K ahe dynamics for the fluctuations smaller than the structural
different g values. These experimental data were fitted withcorrelation domains with the long chain PEP-PEE.

the Rouse dynamic structure facf{éq. (40)]. The only free We first present the results measured on the PE-PEE
parameter is the Rouse fact*=3kTI%/{, which does not system. Figures (B) and 7c) show the variation of
depend org. S(q,t)/S(q) measured for sample 1(20% hPE-dPEE in

As can be seen from Fig.(d), we obtain good agree- dPE-dPEE and sample 11I(20% dPE-hPEE in dPE-dPEE
ment between the Rouse prediction and the data over the fulespectively. The Rouse factors were determined following
time andq range. Furthermore, in order to test for the the same procedure as for the PEE homopolymer. Other than
dependence of the spectra we also fitted the experimentédr pure PEE, however, we had to restrict the fitting range in
data separately for eaa value. By this procedure we be- time (t<6 ns), because at longer times deviations from the
come sensitive with respect to possible variations of théRouse dynamics due to entanglement constraints become
Rouse factor withg, while the joint fit mentioned above visible*° These effects are not studied here.
reveals the average valy®VI*)=0.8x 10"A 4s™! for the As has been outlined before, a description of the above
Rouse factor. The maximal deviation of tliedependent experimental situation within the RPA frame needs a four-
Rouse factor from the averagéWI*) amounts to 0.1 component approach, the mixture of two differ¢oy label-
x108A4s™1, ing) diblock copolymergeach bringing in two components



10198  J. Chem. Phys., Vol. 110, No. 20, 22 May 1999 Montes et al.

TABLE Il. Experimental Rouse rates for the pure homopolymers and for the block-copolymer melts obtained
from the highqg behavior ofl'(q) compared to the predictions of the RPA theory. Value¥\dt are given in

100 BA4s™L
w4 w4
. 20% hPE-dPEE w4 20% dPE-hPEE
wi in dPE-dPEE hPE-dPEE in dPE-dPEE
T wi4 PE
(K) PEE Ref. 15 (@ (b) (a (b) (@ (b)
473 0.8 4.2 2 3.8 1.8 1.7 0.97 0.87
+0.15 +0.15 +0.2 +0.15 +0.15
533 2.2 8 4.1 7.4 35 3.6 25 2.3
+0.2 +0.1 +0.4 +0.2 +0.2
wi4
. 10% hPEP-hPEE wit
wi in dPEP-dPEE hPEP-dPEE
T w4 PEP
(K) PEE Ref. 14 (@ (b) (@ (b)
473 0.8 3 1.3% 1.8 15 1.4
+0.15 +0.1 0.2 +0.15
533 2.2 4.4 3.4 3.6 3 3.2
+0.2 +0.2 +0.3 +0.2

gExperimental values.
Rouse factor given by the RPA theory.

within a fictive homopolymer matrix “0” the volume frac- obtained RPA predictions from Sec. 11 D. FiguréaPdis-
tion of which is considered to disappear. In this calculationplays theq-dependent eigenvalues as well as RPA initial
the bare mobilities are taken from the corresponding hosjopes together with the experimental initial slopes obtained

mopolymers, the structure factor data relate to the statigom samples I((PE labe) and sample II(PEE label. Fig-
experiments—thus there is no free parameter left.

Figure 9 compares the experimental results with the thus

1.09
0.8
T
2 0.6
—~ =
- 3
= 0.4
0.2
0 : T T T 1
0.05 0.10 0.15 0.20
s -1
(a) {c) q/A
1.0
FIG. 9. (a) Rouse relaxation rates from the labeled PE &ctosed squaie
and the labeled PEE arfopen circle of a PE-PEE diblock copolymer in a
- deuterated diblock copolymer matrix at 473 K. The various lines represent
'g' eigenvalues derived from the four-component dynamic RPA approach:

(solid line), A, (dash-dotted ling \3 (dotted ling. (b) and(c) The relative
weightsw; (solid line), w, (dash-dotted ling w5 (dotted ling of the eigen-
values plotted infa) for several labeling conditiongb) Relative weights for

a mixture of a 20% of hPE-dPEE diblock chains in a dPE-dPEE matrix
(sample 1). (c) Relative weights for a mixture of a 20% of dPE-hPEE
diblock chains in a dPE-dPEE matiigample Il). The first cumulant which

is the weighted average of the eigenvalues is represented in dashéa):line
upper dashed line: first cumulant of sample IlI; lower dashed line: first cu-
mulant of sample Il1.
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ures gb) and 9c) show the weights of the different modes in

the dynamic structure factor which are determined by the
chain labeling. While in the case of the labeled PE at ljgh

the fast mode dominates, for the labeled PEE the opposite -
occurs. At lowerg under both labeling conditions the weight
stays with the slower mode signifying the translational dif-
fusion of the whole molecule. Finally, the RPA-first cumu-
lant which is the respective proper average for the different
labeling conditions, is indicated by a dashed and a point
dashed line.

As pointed out in Sec. IID the RPA theory predicts
two distinct relaxation rates for the PE- and the PEE-labeled
materials. In both cases the dynamics of the respective
homopolymers should be observed at highn the Rouse (@)
regime. While the experiment shows that the predicted
g dependencies are reproduced well by the data, the abso- \
lute values for the observed relaxation rates disagree with \
the predictions(see Table . In particular the observed 087
Rouse factors for PE are considerably smaller than pre- \
dicted, WI1*)eyp=2x102A%s™ compared toWIjp,=3.8 06 N
X 10 A%s™t at T=473K. At low q values, the two blocks
display the same single chain dynamics. 0.4

The single chain dynamic structure factor for a whole
copolymer chain was measured on sample V containing 10% 0.2
of hPEP-hPEE in dPEP-dPEE. In this case, the relaxation of
both blocks of the copolymer contributes to the observed : .
spectra. The evaluation proceeded using the procedure al- 0.05 oto 015 0.20
ready applied for the previous systems. The time regime to (b) a/A
determine the initial decay was restricted 010 ns. In Fig. , , _

FIG. 10. (a) Rouse relaxation rateslosed circlg¢ from the mixture of 10%

10(a) the thus obtained EXpe”mental values for the first Cu-of hPEP-hPEE diblock in a dPEP-dPEE diblock copolymer mdsample

mulant are compared with the RPA predictions. As may bey) at 473 k. The various lines represent eigenvalues derived from the four-
seen, we obtain a good agreement between predictions aremponent dynamic RPA approacky (solid line), A, (dash-dotted ling
the experimental results. From Fig.(b) which presents the s (dotted ling. (b) Relative weights of the eigenvalues plotted(@. ;
weights of the different relaxation modes in the spectra, WéSOhd ling), w, (dash-dotted .Iln)e' w3 (dotted ling. The first cumulant is

. . . represented by the dashed line(a).
observe that the dynamics of a fully labeled chain according

to the RPA theory results from an average of the dynamics of

the two homopolymers. At largg the initial slope for afully ~ =0.06 A~* and are three to four times faster than predicted.
labeled dilute chain is predicted to coincide with that for theThis fast process is not accounted for by the breathing mode

Al), T(q) /s

collective dynamics represented by the eigenvalye of RPA.
Similar observations are made on the higher molecular
3. Collective dynamics weight PEP-PEE diblock which undergoes an order—disorder

The collective dynamics of both copolymer systems was
probed on the partially labeled copolymer chains hPE-dPEE
and dPEP-hPEE. Figurdcj presents as an example spectra 10
obtained from the hPE-dPEE syste(@ample I\j at T
=473K. As before, the relaxation rate was determined in the
initial decay regime (<10 ns) by fitting the Rouse dynamic
structure factor to the data. Figure 11 compares the thus ob-
tained initial slopes with the RPA predictions for the two-
component system.

In this case, the RPA predicts that the collective mode
A3 is the only mode that contributes. At largegood agree-
ment between experiment and RPA prediction is found. Here
the first cumulant is proportional ig*—we are in the Rouse
regime. However, at lowey values <0.06 A~1), in theq 10
range where the static structure factor for this block copoly- 0.01 1
mer system has its maximum, significant deviations from the q/A
RPA results are obvious. The relaxation rates bend into fIG. 11. Characteristic frequencids (q) at 473 K from the hPE-dPEE
nearly g-independent plateau regime already arougd melt.

0.1
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10'°5 cient{ is predicted. This may also be traced back directly to
the equation for the first cumulafEg. (33)] which for a
107 3 visible A component reads
Tm 10°4 F(Q):qszTmaa/Saa(q)- (45)
'\9:- _ In the highg-regimeS,, is proportional to¢,/0?%, ¢4
=10 3 being the volume fraction of the A component leading im-
G ] mediately to they*-Rouse relaxation.
<103 The mobility factorm,, as it is calculated by the RPA
10 theory, corresponds to the average between the mobility of
E the homopolymer Am2, and the mobility of the surround-
104 _ ing matrix formed by the other components in the mixture
0.01 a0 denoted bym2,, with m2,,=3m for i #a,
q
1 1 1

ot (46)

FIG. 12. Characteristic frequencies from the long chain dibl@REP- = -0 -
Maa Maa Mgy

hPEB at 533 K(upper dataand 473 K(lower data. The solid lines repre-

sent the RPA predictions for the collective mode.
P For a hA-dB copolymer systerm,, corresponds to the mo-

bility factor which describes the collective dynamigcsl) of

transition at 473 K. Figure 12 presents the initial slopes ob:[he mlxturg, It Is qual o: r.(“’d) 1:("?ga) 1+(.mgb) -
tained at 473 and 533 K. The RPA predicted collective modérhe collective dynam|.cs' of d|b|09l§ chains thus is character-
was calculated on the basis of the effective Flory—Huggind?€d by an average friction coefficiefit,
parameter and structural parameters taken from the SANS 1 1
experiment. The friction coefficients again were taken from §—= m (47)
the experiments on the corresponding homopolymers. At od a b
high g there is again good agreement between the measure-result we have also found from the eigenvalue
ments and the RPA predictions. But in the lapregime We note that the averaging of the friction coefficients
severe deviations from the RPA values are found. according to Eq(47) differs from the rule obtained for poly-

Again these deviations are observed in the peak regiomer blends by viscosity measuremeffis:rom these mea-
of the static structure factor revealing a much faster relaxsurements it is inferred that an averaging of the inverse fric-
ation of concentrationlike fluctuations than obtained theoretition coefficients should hold
cally. The observed faster relaxations slow down in the

neighborhood of the order—disorder transition but remain i:iJr_l_f_ (48)
faster than those predicted by the theory. fed €a db

Following Eq. (48) we would obtain a Rouse factor of
V. DISCUSSION WI*=5x10"A"*s™! for hPE-dPEE(533 K) instead of

3.45<10%A st from Eq. (46) respectively, 3.5
X101 A~4s! from the experiment. For the PEP-PEE co-
We would like to reiterate that the RPA calculations polymer the corresponding values are 280 B3A4s1

which we use to compare with our data do not contain anyEq. (47)], 3.3x10 B®*As™! [Eq. (46)], and 3
adjustable parameter. The structural information is taken< 10 3A st (expt. In particular for PE-PEE the Rouse
from the SANS experiments, while the chain dynamics isfactor predicted by Eq(47) would be significantly higher
introduced via the Rouse relaxation of the corresponding hothan measured. Moreover, we observe that the collective
mopolymers. For all systems considered the associated m&ouse factor of the PE-PEE copolymer is not very different
nomeric friction coefficients have been obtained experimenfrom that for the PEP-PEE system in spite the 2 times faster
tally by separate NSE studies in the Rouse regime of thelynamics of the PE homopolymer in comparison with the

A. Rouse regime (gRg >1)

respective homopolymer melts. PEE homopolymer. This is well described by E47) while
In the highq regime under all labeling conditions the the mixing rule of Eq.(48) fails.
experimental relaxation rates followed power law—we are For the contrast situations of samples Il and Ill, which

in the Rouse regime of the RPA theory. Thus far experimenwere aiming at the single chain dynamics of the PE and the
and theory agree qualitatively. The absolute values for th&EE components, respectively, the same average in the RPA
relaxation rates, however, do not always follow the theoretprediction form,, is performed between the mobility of the
ical predictions. Let us first consider the case of the colleclabeled componerthPE or hPEEand that of the surround-
tive dynamics. Figures 10 and 12 show the quantitativang matrix. However, for the collective dynamics the contri-
agreement between experiment and RPA prediction in theutions from (nga)*l and (mg,\,,)*l are of the same order
high g regime for the hPE-dPEE and dPEP-hPEE diblockleading to an average mobility distinct from thatmﬁa. In
copolymers. Under this labeling the experiment is sensitivessamples 1l and Il only a small labeled fraction is present.
to the collective dynamicor the concentration fluctuations ~ Sincem?, is proportional to the A volume fraction, it domi-
From Eq.(36) an observation of the average friction coeffi- nates the inverse sum in this case and the molitify will
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be close—and in the limit of very small volume fraction— evolves relating to the formation of lamellar domains in our
identical tom2,. In this limit the first cumulant becomes high M,, material. The SANS results on PEP-PEE show the
equal to that of the homopolymer A. Thus, even for a systenexistence of secondary maxima as well as an intensity shoul-
in which two components A and B exhibit strongly different der above the & tail of high g. Both phenomena cannot be
friction coefficients, the RPA theory will predict a relaxation explained in terms of the linear response theory and indicate
rate close to that of the labeled homopolymer for the singleéhe presence of well-defined domains beyond simple concen-
chain dynamics. This result is counterintuitive and obviouslytration waves. On the other hand for the short chain material
spurious but it is related deeply to the basic assumption ofPE-PEB where values of onlykN~6-7 are reached the
dynamic RPA namely to the fact that the bare mobility ma-RPA theory allows an excellent description of all measured
trix is diagonal and does not allow, e.g., for off-diagonal SANS patterns.
elements describing, e.g., mutual friction in the bare system. In this q regime the dynamic RPA predicts the existence
Also the values of the diagonal elementsydf might be  of breathing modes for small values ®N, where the two
different from those corresponding to the Rouse rates of thglocks move with respect to the common center of mass.
pure homopolymers. Within the RPA framework the barewith increasing «<N important concentration fluctuations
systems are assumed to be mixed already, however, withogt/olve, which in the neighborhood gf should—according
any mutual interaction as expressed by khgarameters, the to the RPA prediction—induce a significant critical slowing
changes that occur in the real system are a consequence ofljewn of these collective modes.
linear response to the switching on of theparameters. First we consider the short chain PE-PEE diblock for
However, nothing equivalent is provided for the friction which in the temperature range investigated assumes val-
terms—which are inherently difficult because friction cannotyes between 6 and 7. Under these circumstances concentra-
be cast into an interaction potential. The bare mobility matrixiion fluctuations should be weak and in the lgwregime
©° completely ignores that the friction—even of a mixture under h—d labeling we should be confronted with the pre-
with all k parameters equal to 0—may be changed due to gicted breathing mode, i.e., thedependent relaxation rate
different embedding. should become constant aroug&,=2 (for R;=49 A this
Since it is eXpeCted that any such modification of thEiS expected arounq:\,vo_o4A_1; see F|g 1]_ Experimen-
monomeric friction coefficient should depend on the Iocalta"y, deviations from the Rouse dynamics are observed to
composition it is not at all clear whether a modification of commence at| values as high agR,=5 and atqR,=3 a
the ansatz of:® would suffice. There are also no rules avail- crossover to a virtually-independent relaxation rate about
able that would help to guide how to modify’. four to five times faster than the predicted breathing mode is
The experiments on the PE-PEE system revealed a difyynd. Furthermore, this phenomenon is only visible under
ference between the single chain dynamics of the PE and the_g labeling. Under single chain contraigs. 9 and 1P
PEE blocks. But the difference is significantly smaller thanthese deviations from RPA are not seen. Thus, the observed
that predicted by RPA. In particular, the dynamics of the PEgast relaxation mode must be associated with concentration
block is strongly slowed down by the slow dynamics of thefjctyations. If we relate the points i where the deviations
PEE monomers. As discussed above this slowing down oftart to occur, with length scales, then we conclude that we
the PE single chain dynamics is not predicted by RPA. Omaye found concentration fluctuations at length scales con-

the other hand the single chain dynamics of the PEE compaigerably, i.e., up to three times shorter, than predicted by the
nent is only slightly accelerated by the presence of the Plgynamic RPA theory.

monomers and stay rather close to the dynamics of the PEE  gimjlarly the results on dPEP-hPEE exhibit deviations

homopolymer. Thus, other than RPA predicts the singlg,om the RPA-Rouse regime already aroug®,=7 (T

chain dynamics of the two components making up the_g33). Thereby, the experimentally observed rates differ
diblock is affected by the presence of the other component. ., the predicted rates up to more than one order magni-

This effect is stronger for the fast component than for thg 4o see Fig. 12. At the phase transition temperature

slower one. (Topr=473K) however, the effect is greatly reduced and a

The dynamical RPA theory assumes that all the S‘truc'general slowing down of the fluctuations is found, though

tural and thermodynamical constraints acting on one COMPO5ome deviationgfactor of 2 persist.

nent and then on its mobility are described by the static g0, 5 pehavior would be consistent with an extra scat-
structure facto§(q). Though we observe a good agreementtering contribution on top of the scattering described by the

between experiments and RPA predictions for the Staligpa This extra scattering could account for the fast relax-
properties of a diblock copolymer in the mean f|e_|d re9IMe,5tion and if its intensity is insensitive to the ODT the effect
our experiments show that there are dynamical interactiong , would be diminished on approach of the ODT. The
which influence the mobility of components in a polymer “gentjine” RPA scattering intensity arourgt increases and
mixture. They are not taken into gccount in the dynamical[hereby gets more weight on the initial decay.
RPA theory and require an extension of the theory. The source of the fast extra scattering is not obvious.
However, the indication of second-order correlation peaks in
the SANS data from PEP-PEE even above the ODT means
that concentration profiles in the sample are steeper than sim-
At low q(qRy=1) the ordering effects in block copoly- ply sinusoidal function, i.e., the existence of some kind of
mers show their presence: Af* an intensity maximum interfaces between A and B rich regions may be interféfed.

B. Low g regime
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These interfaces will fluctuate and thereby yield dynami-  The deviation found for the mobility combination rules
cal scattering contributions, that are not contained in theoint to some inconsistencies built into the dynamical RPA
RPA description. Whether this tentative explanation alsdy the assumption of a bare system mobility matrix contain-
may hold for the short chain system PE-PEE is not yeting only diagonal elements, the values of which are identical
known since the SANS data contain no obvious signature foto those of the pure components.

spatial density variation beyond RPA describability. In addition the extra, fast fluctuation in the collective
dynamics observed on approachigy from the largeq side
C. Prospects and limitations probably indicate the presence of effects due to the violation

The lowest wave vectorg of the NSE experiments are of the conditions foilinear response.
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