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Self-Concentration and Interfacial Fluctuation methylsiloxane) (PSPDMS) diblock copolymer in temper-
Effects on the Local Segmental Dynamics of ature ranges where the PS dynamics is effectively frozen and
Nanostructured Diblock Copolymer Melts constitute a *hard” confinement of the Pl or PDMS chaifis (

< 759, respectively. Here a strong slowing down and broad-
ening of the normal mode relaxation have been found whereas

Reidar Lund,* " Lutz Willner, * Angel Alegria® only a slight effect has been detected for ¢heslaxation. This
Juan Colmenero!® and Dieter Richter* has been interpreted as a combined effect of spatial confinement
Donostia International Physics Center, Paseo Manuel de ~ and change in configurational statist¢<n the other hand, in
Lardizabal 4, 20018 Donostia-San Sebasti&pain; a neutron spin-echo stutfyof a lamellar diblock system an
Institute of Solid State Research, Forschungszentriimhju acceleration of the dynamics was observed and attributed to
D-52425, Jlich, Germany; and Centro de’fica de interfacial fluctuations. A dielectric study of P®1—PS triblock
Materiales (Centro Mixto CSIC-UPV/EHU), Paseo Manuel  copolymer confined in a lamellar structure has also shown
de Lardizabal, 3, 20018 Donostia-San Sebasti@pain indirectly, via the dielectric strengtiie, of the normal mode,

that the phase boundaries are subject to fluctuaions.

In this communication we present a model for theslaxation
in mesoscopically structured spherical and cylindrical diblock
. ) ) ] copolymer melts showing that the response relative to the

Even simple A-B diblock copolymers display a rich phase  homopolymer precursor can be quantitatively accounted for by
diagram in terms of various morphologies created upon spon- considering chain connectivity (self-concentration) and inter-
taneous self-assembly into A- and B-block rich domains in the facijal fluctuation effects. The model has been applied to three
nanometer range. These ordered structures display a broad ranggighly asymmetric PrPDMS diblock copolymers having a
of symmetries ranging from spherical, cylindrical, lamellar, to cgonstant compositiof; ~ 0.16-0.18 but different molecular
bicontinuous geometriés: For block copolymers with asym-  \yeight. This system has a large dynamical contrast in terms of
metry, i.e., when the fraction of the A bloclg, is low, highly the glass transition temperatu?lig,' ~ 207 K andT™°MS ~ 147
curved surfaces are favored, leading to a variety of cylindrical k - A’ strong broadening and acceleration of both the normal
micelles in hexagonal lattices or spherical micellar-like structure ,54e and the locat-relaxation are found. We demonstrate that
ordered in body/face centered cubic (bcc/fec) lattices where the g the broadening and the shift of therelaxation can be
chains are effectively confined in two or three dimensions, qyantitatively described by applying the model. Furthermore,
respectively. By using more symmetric block copolymers, con- this model allows obtaining detailed structural information about

finement in one dimension can be realized in a lamellar structure. i interface which is not readily accessible even with highly
This gives an interesting “dimensional” flexibility in the study  gapsitive scattering techniques.

of the confinement effects. In addition, very importantly, the
effective confining “wall” can be varied selectively frosoft

to hard by using respectively a majority polymer block having
a low or high glass transition temperaturg,
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Three model P+PDMS block copolymers were prepared
by anionic polymerization for the purpose: PIRDMS23,
PI6—PDMS31, and PI9PDMS50 (the numbers indicate the

. N . approximate molecular weight in kg/mol) (cis-1,4 content about
From a fundamental point of view it is interesting to under-
o - 65%). As references, the actual precursor PI homopolymers
stand how the component dynamics is affected in such segre-

gated blend systems. This has been relatively little investigatedfor the diblocks were separated and individually characterized.

in the past where previous studies have been mostly related toThe mesoscopical morphology of the diblock melts was

- L e .~ characterized by SAXS using a Bruker AXS Nanostar instru-
the more global mobility of the chains in self-diffusion experi- S
4 . . ment. The results show a hexagonally ordered cylindrical shape
ments34 In contrast, the local structuratrelaxation associated

with the glass transition has received much less attention. Onfor the Iowes'g molecular weight sample, PMDM.SZS’ while
. S - a somehow disordered crystal face-centered cubic (fcc) or body-
the other hand, in miscible polymer blends, tiweelaxation

has been a rather hot topic over the past y& re issues centered cubic (bcc) like structure was found for the higher
such as confinemefi self-concentration effecfsit and therm- molecular weight. Details concerning synthesis and structure

ally driven concentration fluctuatiotshave been extensively will be DUbI.'ShEd n detgll at a later stage and are hgre given
. . as Supporting Information. The relevant information is given
discussed. It is unclear, however, how or whether such effects. ; . Lo e e
: in Table 1. The complex dielectric permittivigF = ¢’ — ie
will play a role on nanosegregated block copolymer melts. i .
A very useful technique in this respect is broad-band dielectric *~ frequency was measured in a broad frequency range using
y que eSpec . a Novocontrol high-resolution dielectric analyzer (Alpha-S
spectroscopy (BDS). This technique is particularly useful for Y
. . - . analyzer). The temperature was limited in the range-233
polymers having a net dipole moment associated with the end-

to-end vector such as poly(isoprene) (PI) with high cis-1,4 K in order to avoid effects from crystallization of PDMS
. poly(ISop 9 ' (210-230 K) and chemical changes of PI. In a recent stiidy,
microstructure content. In this case both the global end-to-end

chain orientation dvnamics and the seameatablaxation® can we have found that the dielectric strength of PDMS is about
be resolved simul%laneousl So far fc?r block copolvmers. this 0.6. Even if this value is comparable to that of PI, the relaxation

- ; Y- . . poly ' ..~ time of PDMS in the temperature range considered here is
technique has mainly been exploited in lamellar symmetric

, , between 10'° and 1012 s, i.e., completely out of the current
_ 5-17 _ ' !
PI=poly(styrene) (P+PS} and poly(styrenejpoly(di experimental window (16—100 s). Hence, the dynamics of

Pl is strongly decoupled from that of PDMS and thereby can

r Somesponding author. E-mall: reidar_lund@ehu.es. be independently analyzed. The central results from broad-band
# Institute of Solid State Re);earch. ' dielectric spectroscopy (BDS) are given in Figure 1. Here the
8 Centro de Rsica de Materiales (Centro Mixto CSIC-UPV/EHU). full frequency dependence of the dielectric loss permittivity,

10.1021/ma702477n CCC: $40.75 © 2008 American Chemical Society
Published on Web 01/04/2008



512 Communications to the Editor Macromolecules, Vol. 41, No. 3, 2008

Table 1. Characteristic Synthetical, Structural, and Dielectrical Properties of the Investigated Polymers

MP'a/g/mol MPPMSajg/mol fol Ne phasé RJA o Aepe® Aepg®
Pl14—PDMS23 4330 23 400 0.16 382 hexcyl 50 231 0.188+ 0.05 0.230+ 0.05
P16—PDMS31 6510 31 400 0.18 523 fce/bee 100 25 0.196+ 0.04 0.2044 0.05
PI9—PDMS50 9410 49 500 0.17 811 bce 125 46 0.194+ 0.05 0.2204 0.06

aThe polydispersity is about 1.62..04 and is given in detail in the Supporting Informati®olume fraction based on the densitigis = 0.91 g/cni
anddepms = 0.97 g/cnd. € Total mean number of monomer units based on the average segmental viokai8,6 cn¥/mol. 9 Denotes the type of morphology:
hexcyl= hexagonally ordered cylinders, fecspherically ordered face-centered cubic structure, and=doody-centered cubic structuresTotal dielectric
strength of the homopolymer (HP) and diblock copolymer (DB) as determined from the fits.

10 e interface of a planar A/B polymer interfaégwhich we for a
curved geometry write as
11 ] <100

¢(r) = 1/2[1+ tanh(R. — r)/0)] (2)
o 0.1 x 10 wherer is the distance from the centd®; is the mean radius
T of the sphere/cylinder, andl is the half-width of the interface

<1 related to the interaction parametgrwhich in the H-T theory

0.015 takes the form
10° 10" 10° 10' 10° 10° 10° 10° 10° be + Bppys

)

frequency [HZz] Oyt

Figure 1. Dielectric loss permittivity as a function of frequency of

the tf&tee ﬁlblOCk |00|00|ymfer SySter?]f»”(%pen Sgr?t;m?)zigdléhi ?\?fze' wherebp, = 6.4 A andbppus = 5.6 A are the respective Kuhn

sponding homopolymer references (filled symbols) a . . Note _ ot ;

that the data have been normalized to the volume fraction ofsfPl ( Ien.gths ang = 0.1751n t.h's .CaSéS' In§ert|ng these values, we
arrive atouyt ~ 11 A, which indeed is on the order of length

and shifted by a constant factor: 1 (squares, PI4#PBMS23); 10 ) '
(circles, P16/P16-PDMS31); 100 (stars, PI9/PHPDMS50). The solid scales of which ther-relaxation should be affected and also
lines display fits to the models described in the text. implies that a significant portion of Pl experiences some con-
tact with PDMS segments. It should be noted that a later
€', is given for each block copolymer and the corresponding extension of this theory corrects for finite size effects and
precursor Pl homopolymer at 243 K. Note thét has been for the connectivity of the blocks and prediétsv = wyr(1 +
normalized to the actual volume fraction of R, 1.34/¢N)), which gives corrected values between 13 and 12 A
As seen, the spectra of the homopolymer display the typical from the lowest to highest molecular weight, respectively. In
feature of a well-defined peak at low frequencies manifesting addition, classical capillary wave fluctuation theory would
the relaxation of the end-to-end vector (normal mode) and then predict an additional broadening of the interface caused by
at higher frequencies a broader relaxation characteristic of therandom stochastic fluctuations. The mean-square amplitude of
more local structurabi-relaxation. It is also worth remarking  such a fluctuation can be calculated accordingot@/? ~
that the normal mode displays a strong shift toward lower kgT/(47y) In[lmad/Imin’], wherey is the interfacial tension and
frequencies with increasing molecular weight, reflecting the Imin = 0wt andlmax = Re are the cutoff length scaléélnserting

12y

end-to-end vector relaxation which strongly dependdvbas
predicted by global Rouse/reptation like dynaniit©n the
other hand, thex-relaxation does not change with molecular
weight reflecting the fact that this process is sensitive only to
the local scale.

the values ofy for the Pl /PDMS two-phase homopolymer (

= 3.4 mN/m¥> system, we obtain values in the range ef 5

A. However, by using the values of the PI/PDMS system mixed
with a PPDMS diblock copolymer with similar molecular
weight ( = 0.5 mN/m)?®> we obtain significantly larger

Now comparing with the corresponding response from the values: 1418 A. o

block copolymer, we see that a general feature is a speed-up With these ideas in mind, we seek a quantitative model of
and a strong broadening of, surprisingly, both the normal mode the o-relaxation which will be an important ingredient to
process and the local segmentalrelaxation. This feature ~ understand the characteristic of the more global dynamics,
prevails at all temperatures investigated. It is natural to consider including the normal mode process. This will be subject of a
that such effects can be provoked by fluctuations of the interface future investigation. _ ) o
between the nanosegregated Pl and PDMS rich phases. This Following the recent discussions of the dynamics of miscible
would lead to some degree of intermixing of the polymer Polymer blend$, we can employ the ideas of self-concen-
segments of different kinds and consequently a modified tratiorf~*°and compositional concentration fluctuation effééts.

effective heterogeneous local environment. Another possible The former concept states that since dheelaxation is sensitive
effect that in principle could influence the dynamics is geo- ©only to the local scale of some few nanometers, the effective
metrical confinement (finite size effects). However, taking into concentration around the segment of one component is always
account the relatively large size of the systems investigated greater than the bulk average value because of chain connectiv-
(10—30 nm in diameter) as well as the results reported in recent ity- In this case it is natural to consider the self-concentration
literature (See, e.g., ref 14), we do not expect confinement effectSmOdulated by interfacial fluctuations dictated by the meSOSCOpiC
to play an important role in the segmental dynamics of PI.  density profile(r), and the morphology of the system, giving

The effect of intermixing in immiscible polymer systems & total local effective concentration:
is in fact predicted from the theory of Helfand and Tagami

¢eﬁ(r) = ¢self+ (1 - ¢self)¢(r)

(H—T) by the following density distribution function along the 3)
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wheregseis is the self-concentration of PI, which we take to be
the value originally calculated by Lodg#cLeish: ¢seir =
0.45? The different concentration would imply different mobili-
ties which can be accounted for by a effective Vogel temper-
ature, Tgff(r), and can be calculated according to a simple
Flory—Fox mixing rule of the pure componenf§' and
TgDMS:10

1T (1) = degMTo + (1 = g To - (4)
where T} and To°MS are the Vogel temperatures of the pure
components. The VogeFulcher-Tamman equation then takes
the form

7(r) = 7o expB/(T — T'(1))) (5)

where the shortest time in the systemsand the characteristic
parameterB, are taken as the values of the pure Pl homopoly-
mer component.

In this way the dielectric contribution of the-process of
the PI segments can be obtained from eg® &nd integrating
over the density profileg(r):

e(@)y = [ CHN(w,7(r) " g(r) dr/ ["Cr)g(r) dr  (6)

whereC(r) = 2zr and C(r) = 4xr? are the usual geometrical
factors for the volume element of cylinders and spheres,
respectively. The general HavrilialtNegami function HN(w),

is given by?3

-1
m e —
1+ (iw?)?)

HN(w) =1 @)
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Figure 2. Extracted radial density profile calculated using the
experimentally determined from BDS andR. from SAXS: Pl4-

PDMS23 (squaresy = 23 A, R, = 50 A); PIe-PDMS31 (circlesp
=22 A, R. = 100 A); PI9-PDMS50 (starsg = 16 A, R. = 125 A).

lowest molecular weight where PI chains experience a rather
heterogeneous environment. We might speculate that the rather
unexpected formation of cylinders for PHPDMS31 could be
explained by large fluctuatiorsa feature which beyond the
standard SCMFT (self-consistent mean field theory) approach.
At this composition SCMFT predicts a spherical phase irrespec-
tive of the total molecular weight?

Concerning ther values extracted from the fits (1@3 A),
the interfacial width is significantly bigger than the thermody-
namical (HT) estimation alone (113 A). As already men-
tioned above, this can be anticipated as the interfaces also are
bound to fluctuate. Using the interfacial tension of the diblock
copolymer to calculatecw as discussed above and a Gaussian
summation rule, we obtaio ~ (ocw? + oprd)t2 = 19-22 A,
which compares well with the experimental data. Nevertheless,
we remark that the above calculation is strictly valid only for

whereg andy are the symmetrical and asymmetrical broadening planar surfaces. In addition, we note that there are model
parameters, respectively. In eq 6 they are assumed to be thosassumptions that may influence the quantitative results, namely
of the pure PI precursor homopolymer. In order to model the the Flory-Fox equation (eq 4), the constant value taken for

whole dielectric spectrum, we chose to describe the homopoly-

mer with a sum of two Havriliak Negami functions character-
izing the two relaxation contributions in addition to a general
conductivity term:

€(w)" = Ae[f HN (@) + (1 — T, )HN(w)] + Co?t (8)

wheref, and (1— f,) are the fractions of the. and normal
mode contributing to the total dielectric strength.

As seen in Figure 1, this approach could fit the data of the
homopolymer very effectively by setting the conductivity terms
C=0,Bi" ~ 1, andyk" ~ 0.5 for the normal mode relaxation
andf, ~ 0.64 andy, ~ 0.57 for thea-process.

In the analysis of the diblock copolymer blends used the
following approach: while the HN function for the normal mode
and a conductivity term was set as free, thhaelaxation

contribution was calculated from eq 6 and inserted into eq 8 to

replaceHNy(w). In the analysisf, was set fixed and equal to

the self-concentration, and the use of the Vegalicher
parameters from the pure polymers. However, given the
excellent consistency of the fits, further possible refinements
will not be discussed at this point.

Finally, we comment on the acceleration of the normal mode
which generally follow the same trend as therelaxation
although the broadening is more pronounced as a high-frequency
wing. It is clear that this can at least partly be explained by a
change in the local environment also responsible for the strong
effect on thea-process. A naive calculation using the average
values of the monomeric friction coefficients of each component
should give a factor of 2 faster dynamics, which is much smaller
than observed (127) although a decrease and tendency in the
shift factor toward 2 is seen at higher temperatures. However,
at this point it is not clear how the interface dynamics itself
will affect the chain motion which needs to be resolved in a
more detailed experiment. We therefore leave this rather delicate
issue as a future problem.

the homopolymer case, and all parameters describing the pure  Summarizing, we have developed a simple structural model

phasesTEMS = 130 K, T} & 165 K, ¢serr = 0.45,70, andB,
were held fixed. In addition to the HN parameters of the normal
mode relaxation, onlyAe and the width of the interface were
allowed to vary.

based on self-concentration considerations and finite interface
density profiles in order to quantitatively describe the dielectric
o-relaxation of diblock copolymers confined in mesoscopically
structured phases. It is encouraging to see that BDS can give

As seen in Figure 1, this approach accounts for the data detailed structural information, such as interfacial widths, which

impressively well giving values af in the range of 1623 A.
The corresponding radial density profiles extracted from the fits
are given in Figure 2.

As seen from the plot, the interfacial region constitutes a
significant portion of the chain environment, especially for the

generally is very difficult to obtain even from highly sensitive
scattering techniques.
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