
VOLUME 79, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 27 OCTOBER1997

ers
of
The

lar

3274
Intramolecular and Intermolecular Signatures of Incipient Ordering
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Neutron scattering experiments were performed on a homogeneous blend of two homopolym
and a block copolymer, in the vicinity of an ordering transition. The concentration fluctuations
individual components were examined in separate experiments on contrast matched systems.
homopolymers exhibit intermolecular aggregation, while the block copolymer exhibits intramolecu
segregation. [S0031-9007(97)04335-4]

PACS numbers: 61.41.+e, 61.12.Ex, 83.70.Hq, 83.80.Es
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The relationship between the molecular architecture
the components and the final properties of polymer blen
is of scientific and technological interest [1]. The funda
mental challenge lies in predicting the effect of thermo
dynamic interactions between the constituent molecu
on the structure of the blend. This effect is well unde
stood in binary polymer blends [2], and studies of th
concentration fluctuations by small-angle neutron scatt
ing (SANS) played an important role [3]. This paper i
concerned with the thermodynamic properties of a mul
component mixture composed of two homopolymers a
a block copolymer. The concentration fluctuations of th
individual components were examined in separate ne
tron scattering measurements on contrast matched s
tems. The random phase approximation (RPA) [2,4–
was used to relate the observed scattering to intermole
lar and intramolecular factors.

Mixtures of two homopolymers and a block copolyme
are of considerable interest because the amphiphilic
ture of the block copolymer results in the formation o
modulated phases [7–10]. Microemulsions are obtain
at low copolymer concentrations, and ordered phases
obtained at high copolymer concentrations. In this r
spect, these blends are similar to small molecule m
tures composed of oil, water, and a surfactant [11]. T
structure of the isotropic phase in small molecule sy
tems, in the vicinity of an ordering transition, has bee
examined theoretically [12] and experimentally [13]. Th
ordering transition is announced by the formation of tra
sient, intermolecular aggregates. In this paper we dem
strate that the ordering transition in a mixture of tw
homopolymers and a block copolymer is announced
both intermolecular and intramolecular signatures. T
homopolymers form transient intermolecular aggregat
The block copolymer chains, on the other hand, rema
homogeneously distributed, but exhibit intramolecul
segregation.

Model polyolefins—polyethylene (PE), head-to-hea
polypropylene (PP), and a polyethylene-block-head-to-
head polypropylene copolymer (PE-PP)—were synth
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sized and characterized by methods described in Ref. [1
Separate aliquots of anionically polymerized dienes we
saturated with hydrogen and deuterium to give fully
hydrogenated polyolefins (hPE, hPP, andhPE-hPP), and
partially deuterated polyolefins (dPE,dPP, anddPE-dPP).
Small-angle neutron scattering experiments on blends
these materials were conducted on the NG5 beam li
at the National Institute of Standards and Technology
Gaithersburg, Maryland. The procedure for obtaining th
absolute coherent scattering intensity,Isqd [q ­ 4p 3

sinsuy2dyl, u is the scattering angle, andl is the wave-
length of the incident neutrons], from the raw data i
described in Ref. [15].

The characteristics of the components used in this stu
are summarized in Table I; details will be presented in
full paper [16]. A monomer for both PE and PP chains i
defined as aC6 unit, the number of monomers per chain
Ni was determined by light scattering, the volume occu
pied by each monomeryi is based on measured densitie
of the polymers, and scattering lengths of the monome
bi are based on atomic composition. The statistical se
ment lengthsli which specify the dependence of the radiu
of gyration of the chains on molecular weight were est
mated from neutron scattering measurements from bina
homopolymer blends and the puredPE-dPP block copoly-
mer, using well-established procedures [15,17]. The b
naryhPEydPP blend withfhPEyfdPP ­ 1.62 exhibited a
liquid-liquid phase transition at143 6 3 ±C, while the pure
dPE-dPP block copolymer exhibited an order-disorde
phase transition at149 6 2 ±C.

In this paper, we discuss data from two PEyPPyPE-
PP blends withfPEyfPP ­ 1.62 andfPE-PP ­ 0.50 (fi

is the volume fraction of speciesi): blend BH, which
is composed ofhPE, dPP, andhPE-hPP, and blend BB
which is composed ofhPE,hPP, anddPE-dPP. The two
blends are identical in composition, except for the fact th
the labeled species in blend BH is the PP homopolymer,
while the labeled species in blend BB is the block copoly-
mer. Since the scattering contrast between the hydr
genated polyolefins is negligible (see Table I), blend BH
© 1997 The American Physical Society
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TABLE I. Parameters used in RPA calculations at 148±C.

Component hPE-hPP dPE-dPP

parameter hPE dPE hPP dPP hPE hPP dPE dPP

Ni
83 83 178 178 36 376 367 376

yisÅ3d 179.0 178.8 174.8 174.6 179.0 174.8 178.8 174.6
lisÅd 10.79 10.79 8.61 8.61 12.65 10.10 12.65 10.10

bisÅd 3 104 20.498 4.952 20.498 5.156 20.498 20.498 6.327 3.784
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enables the study of concentration fluctuations of th
PP homopolymer, while blend BB enables the study
the concentration fluctuations of the block copolyme
Both blends exhibited signatures of an order-to-disord
transition at125 6 5 ±C that were qualitatively similar to
those seen in the puredPE-dPP block copolymer [16].

The SANS data from these multicomponent blend
were analyzed using the incompressible, mean-field th
ory of polymer blends, based on the random phase a
proximation [2,4–7]. A “component” is defined as a
chain of identical monomers, and the scattering inte
sity from blends comprisingsn 1 1d components is given
by

Isqd ­ BTSsqdB , (1)

where B is an n dimensional column vector whose
elementsBi quantify the neutron contrast of componen
i sBi ­ biyyi 2 b0yy0d and the subscript zero refers
to hPE, which is common to both blends.Ssqd is an
n 3 n structure factor matrix whose elementsSij describe
correlations between componentsi and j. For mixtures
of two homopolymers and a block copolymer,n ­ 3, and
Sij can be expressed as

Sijsqd ­ fijsfk, Nk , yk , lk , xkl , y; qd sk, l ­ 0 3d ,
(2)

wherefk is the volume fraction of componentk in the
blend, andxkl is the Flory-Huggins interaction paramete
between componentk andl, based on a reference volume
y which we set equal to161.5 Å3. Details regarding the
computation of functionsfij are given in Ref. [15].

The scattering profiles from blend BH at selecte
temperatures are shown in Fig. 1(a). At 167±C, the
scattering intensity is a monotonic function ofq. The
scattering intensity in the vicinity ofq ­ 0.013 Å21 rises
sharply with decreasing temperature, and a scatter
peak is evident at temperatures below 148±C. The
solid curves through the data are multicomponent RP
calculations—Eqs. (1) and (2)—with the Flory-Huggin
interaction parameterxhPEyhPP as the only adjustable
parameter. The effect of deuterium substitution onx

has been taken into account, using independent exp
ments [15]. It is evident that the mean-field theor
with one adjustable parameter provides an adequ
description of the data. Further, thex parameters used
to obtain the match between experiment and theory a
e
of
r.
er

s
e-
p-

n-

t

r

d

ing

A
s

eri-
y
ate

re

in reasonable agreement with those measured in bin
PEyPP blends. For example,xhPEyhPP ­ 1.48 3 1022

at 148±C in BH, while SANS data from binaryhPEydPP
mixtures (not shown) givexhPEyhPP ­ 1.24 3 1022

at 148±C.
The scattering intensity from multicomponent blend

with one labeled species is due to two contribution
(1) connectivity of the monomers in that species a
(2) nonrandom concentration fluctuations of the co
stituent components. In order to study these concentra
fluctuations, we have to subtract the connectivity cont
bution to the scattering intensity. We define an exce
scattering intensityIEXsqd as follows:

IEXsqd ­ Isqd 2 Iconnsqd , (3)

FIG. 1. Temperature dependence of SANS data from ble
BH. (a) Coherent scattering intensityI and (b) excess coheren
scattering intensityIEX versus scattering vectorq. The solid
curves are theoretical fits.
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where the connectivity contributionIconnsqd is computed
from RPA Eqs. (1) and (2) with allxij set to zero,

Iconnsqd ­ BTSsfk, Nk , yk, lk , xkl ­ 0, y; qdB . (4)

In Fig. 1(b) we plotIEX versusq for blend BH. A well-
defined peak atq ­ 0.013 Å21 is evident at 148±C,
indicative of a periodic arrangement of thedPP homopoly-
mer chains with a length scales1yqpeakd of about80 Å.
The length scale of the periodic structure is significant
larger than the radius of gyration of the PP molecule
which is45 Å f­ sNil

2
i y6d1y2g. The peak inIEX becomes

sharper with decreasing temperature, indicating that
periodic structure becomes better defined. However,
values ofIEX at the lowest accessibleq s0.008 Å21d also
increase substantially with decreasing temperature, in
cating the increasing presence of large length-scale (gre
than 80 Å) concentration fluctuations. We thus see th
the PP homopolymer exhibits intermolecular aggregati
as the ordering transition is approached.

In Fig. 2(a) we show theq dependence ofI at selected
temperatures from blend BB. The solid lines are RPA fi

FIG. 2. Temperature dependence of SANS data from ble
BB. (a) Coherent scattering intensityI and (b) excess co-
herent scattering intensityIEX versus scattering vectorq. The
solid curves are theoretical fits. Inset (b): A schemat
of the conformational changes of the block copolymer wi
temperature.
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with xhPEyhPP as the only adjustable parameter. We fin
that the agreement between theory and experiment is
sonable, and that thex parameter used to obtain these fi
is similar to those in blend BH (xhPEyhPP in BB at 148±C
is 1.52 3 1022). In Fig. 2(b), we plot theq dependence
of IEX for blend BB. These data show a well-define
peak atq ­ 0.014 Å21, which is similar in some respect
to the q dependence ofIEX of blend BH [Fig. 1(b)]. A
careful comparison of Fig. 2(b) with Fig. 1(b), howeve
reveals an important difference. In blend BB [Fig. 2(b)
IEX arctan approaches zero asq ! 0, while in blend BH
[Fig. 1(b)], IEX is finite as q ! 0. We thus see evi-
dence for purely periodic concentration fluctuations a
the absence of large length-scale fluctuations in blend B
With decreasing temperature, these periodic fluctuatio
grow in amplitude, but not in spatial extent; the loc
tion of the peak inq space is temperature independen
These characteristics have been observed by nume
experimenters in melts nearly monodisperse, pure, bl
copolymers [18]. They represent signatures of the
tramolecular segregation of the individual blocks as t
ordering transition is approached [4]. Theq dependence
of IEX in blend BB, shown in Fig. 2(b), contains the sig
nature of intramolecular segregation in a multicompone
blend.

In the case of scattering from a melt of a sing
molecular species, such as a pure block copolym
IEXsqd must necessarily approach zero asq ! 0 [4].
In multicomponent blends, however, this is not at a
necessary. One could envision the formation of a vari
of aggregates of the copolymer chains such as trans
micelles. The fact thatIEX is negligibly small at the low
q indicates the absence of all forms of pretransition
intermolecular aggregation of the PE-PP chains. N
that the scattering intensity from sample BB is finite
the limit of q ! 0 [Fig. 2(a)]. The true intramolecular
nature of the concentration fluctuations became evid
only after the connectivity contribution was subtracte
[Fig. 2(b)]. The availability of the RPA based theory wa
crucial, because the connectivity contribution could
calculated independently, without resorting to data fro
the multicomponent systems.

To summarize, we have studied concentration fluctu
tions of individual components in a blend of two ho
mopolymers and a block copolymer, in the vicinity of a
ordering transition. The homopolymers exhibit inte
molecular aggregation, while the block copolymer e
hibits intramolecular segregation. The ability of bloc
copolymer molecules to undergo conformational chang
and the lack of such effects in small molecule surfacta
is, perhaps, the most important distinction between po
meric and small molecule surfactants.
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