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ABSTRACT: Both polymer blends and diblock copolymers have been investigated with small-angle
neutron scattering (SANS) in varying temperature and pressure fields. Four samples were studied: a
polymer blend of near critical composition and the corresponding symmetric diblock copolymer of poly-
(ethylethylene) (PEE) and poly(dimethylsiloxane) (PDMS) and two further symmetric diblock copolymers
of poly(ethylenepropylene) (PEP) and PDMS differing in their molecular mass. From the SANS results
the phase transition temperatures, the Flory—Huggins interaction parameter, the Ginzburg number,
and the sizes of the chain were determined. As the transition temperature and the Flory—Huggins
parameter are independently determined from the SANS data, the Clausius—Clapeyron equation offers
a cross-check of the theoretical background used for SANS analysis. The resulting parameters showed
for all samples qualitatively similar behavior. In particular, a quite unusual decrease of the phase
boundaries in low increasing pressure regimes was observed. Analysis based on the Clausius—Clapeyron
equation shows that the reason for this pressure-induced decrease of the phase boundary is a dominating
increase of the entropic Flory—Huggins parameter. The Ginzburg parameter was found constant with
pressure. The size of the diblock copolymer chains changes with temperature and pressure. Beyond the
chain stretching observed near the ordering temperatures (Topt) for both decreasing temperature and
applied pressure, a discontinuous decrease of the chain size was consistently found at the Topt. The chain
size vs temperature was found to follow a scaling behavior with slightly different exponents in the

disordered and the ordered regimes consistent with former simulation calculations.

I. Introduction

In this publication we present small-angle neutron
scattering (SANS) experiments on a binary polymer
blend of near critical composition and on three sym-
metric diblock copolymers; we have studied and com-
pared their behavior in varying external pressure and
temperature fields. The thermodynamic behavior of
polymer blends is well understood in terms of the mean
field Flory—Huggins theory and their deviations near
the critical point when thermal composition fluctuations
become dominant.2=3 This is not yet the case for diblock
copolymers; thermal composition fluctuations play a
much more dominant role as diblock copolymers belong
to the Brazovskii universality class.*~1° A mean field
theory within the random phase approximation was
derived by Leibler” and Ohta and Kawasaki® and was
later on extended by Fredrickson and Helfand®1° taking
thermal fluctuations into consideration. The last men-
tioned theoretical approach is valid in the weak segre-
gation regime if the degree of thermal fluctuations is
not too large and which should be fulfilled for molecular
chains larger than degree of polymerization N = 104,
at least for asymmetric polymers.® The polymers studied
by us, however, are characterized by N values of only
80—170 segments. Nevertheless, we apply this theory
for the interpretation of our experimental results, as it
is presently the most developed one for diblock copoly-
mers.
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An important part of this publication is related to
investigations of sample properties in an external
pressure field. Most studies of polymer blends so far
show an increase of the phase boundary with pressure
which is quite obvious as the free volume decreases with
pressure and thereby diminish the entropy of mixing.11-15
Such a behavior was also predicted theoretically for both
polymer blends and diblock copolymers, as based on
lattice cluster theory (LCT) calculation made by Du-
dowicz and Freed.'® The situation, however, was for a
long time not so clear for diblock copolymers; an
abnormal decrease of the disorder—order phase bound-
ary in low-pressure fields was reported for the first
studied samples.'’~21 The results of the PS—PI diblock
in ref 17 were supplemented later on by experiments
in lower pressure fields.’®?° In ref 19 the abnormal
behavior was indirectly concluded from the Clausius—
Clapeyron equation after measuring the density dis-
continuity at the phase transition and the enthalpy of
mixing; this prediction was later confirmed in a scat-
tering experiment.?° In the meantime such an abnormal
behavior of the phase boundary was also found for a
sample of PEMS/PDMS blend,?? and experiments on
samples of corresponding PB/PS blend and diblock
copolymers both show a normal pressure behavior with
respect to pressure.!®

The studies presented here were performed on a
binary polymer blend and three diblock copolymers with
three different monomers. The phase boundaries, the
Flory—Huggins (FH) interaction parameters, and the
Ginzburg numbers are determined. Further, the chain
compressibilities are evaluated from the experimental
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results. With the application of the Clausius—Clapeyron
equation we have furthermore compared the pressure-
dependent phase boundary with those evaluated from
the FH parameter. This allows an independent cross-
check of the FH parameter as determined from the
theoretical approaches of Flory—Huggins and Fredrick-
son—Helfand for blends and diblock copolymers, respec-
tively. Finally, we will discuss the temperature depen-
dence of the chain conformation and compressibility.
Preliminary parts of this work have already been
published in ref 21.

1. Theoretical Background

In this section we give a short review of the theoretical
background which is needed for the interpretations of
our experiments. The relevant thermodynamic potential
here is the Gibbs free energy of mixing Gn(T,P,®)
because the polymer melt samples (one binary homo-
polymer blend and three diblock copolymers) were
studied at fixed composition ® in the external fields of
temperature T and pressure P. We will discuss the blend
only in the framework of the mean field Flory—Huggins
(FH) model because the temperature steps near the
phase boundary were not sufficiently narrow to resolve
the fluctuation effects. The FH theory represents a
mean field approximation neglecting the effects of
thermal fluctuations. The theoretical approach for
diblock copolymers is still insufficient as can be under-
stood from the following arguments. While thermal
fluctuation effects in polymer blends are described
within the universality class of the 3D Ising model,1~3
diblock copolymers belong to the Brazovskii universality
class.24710 A characteristic behavior of the Brazovskii
universality class is the strong influence of thermal
composition fluctuations which even leads to a weak
first-order phase transition.® We interpret our data with
the Fredrickson—Helfand model; this is the so far best
developed theory for large polymer chains (N > 10%; for
symmetric diblock copolymers the theory seems to be
valid even at lower N) in the so-called weak segregation
regime.®1 Even though our data are rather well de-
scribed by this theory, one has to be aware that the size
of our diblock copolymer systems, N = 80—170, are 2
orders of magnitude smaller than N = 104,

A. The Clausius—Clapeyron Equation and the
Flory—Huggins Model. The Clausius—Clapeyron equa-
tion describes the coexistence line of two phases in a
T—P plane according to

ATG/AP =TgV, /H,, (1)

e.g., the change of the phase transition temperature Tg
with pressure is related to the volume Vy, and enthalpy
Hn, differences of the two phases.?* For further analysis
the Gibbs free energy of mixing is needed

G (TP®)=G,;, — PG, +(1 —P)G,=H,,— TS

m

)

with the symbols ® representing the volume fraction
of the component “1”, G; and G, the Gibbs potentials of
the two components, and G;, that of the mixture.
Within the mean field theory of polymer blends de-
scribed by the Flory—Huggins (FH) model the enthalpy
and entropy of mixing are given as

H,/RT = ®(1 — D)y, /T ®)
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and

S, = —{(®NV,) In D + [(1 — D)V, In(1 — D)} +
D1 — D)y, (4)

with the molar volumes V; and V, of the two molecular
species.12 The first term of ASy, is the configurational
part while the second one contains all the other entropic
contributions related to polymer end effects, compress-
ibility, and other ones. The entropic term y, is a
phenomenological parameter, which had to be included
in order to describe experimental observations as ob-
tained mainly from scattering experiments. Usually, the
enthalpic and entropic terms y, and y, are comprised
within the FH interaction parameter according to y =
/T — %o As a mean field theory the FH model is valid
only far from the critical temperature of phase decom-
position where the thermal composition fluctuations are
sufficiently weak to be described within the Gaussian
approximation; as determined by the Ginzburg criterion,
the mean field approximation becomes invalid near the
critical temperature when the thermal fluctuations
become strong and correlated.1—3:25.26

The Gibbs free energy of mixing Gy(T,P,®) contains
all thermodynamic information. The susceptibility ob-
tained in a scattering experiment is related to its second
derivative with respect to composition. This also means
that in scattering experiments one measures an effective
FH parameter T defined as T = 8?[¢(1 — ¢)x1/0¢?. The
effective FH parameter T is given in units [mol/cm?3],
and the product of (I'V) has the same meaning as the
product (¥N), which is frequently discussed in corre-
sponding SANS and theoretical papers. From now on
we will denote T the FH parameter, since this is the
parameter that is obtained in the scattering experi-
ments. In the case of a symmetrical systems with
volume V = V3 = V; the critical composition is equal to
&, = 0.5. For a homopolymer blend, the FH parameter
is I'c = 2/V at the critical temperature, T, while for a
symmetric diblock copolymer, as derived below, it is I’
= 10.495/V.

The Clausius—Clapeyron equation for polymer blends
and diblock copolymers can now be written as'®

ATg/AP = Ty(al,/oP — Tgal JoP)IT,, — K 9Gi/oP  (5)

The first term has been derived from Hy, Vin = 0Gm/dP,
and their definitions in eqs 2—4 assuming a constant I’
with respect to composition (i.e., I' = yN/V). The second
term describes the stabilization effect of thermal fluc-
tuations described by the Ginzburg number Gi. This
term, however, will not be relevant here as the experi-
ments will show a pressure-independent Gi for all
samples.

B. Structure Factor of a Noninteracting Poly-
mer Blend and Diblock Copolymer. The structure
factor S(Q) of two linear noninteracting homopolymers
of the same molar volume V and mixed with a volume
fraction @ is given as

S(Q) = (1 — ®)VP(QRy) (6)

For chains obeying Gaussian statistics the intramolecu-
lar form factor P(Q) is given within the Debye ap-
proximation as Ppg(x) = 2[x —1 + exp(—x)]/x? with x =
RsQ2 (Rg radius of gyration).?” The maximum of S(Q)
for homopolymer mixture is observed at Q = 0, giving
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S(0) = &(1 — P)V. In diblock copolymers, on the other
hand, S(Q) shows a maximum at a finite wavenumber
Q = Qm reflecting the constraint that composition
fluctuations can only occur on the length scale of the
polymer chain.

The structure factor of symmetric (f = 0.5) diblock
copolymers is determined by the difference of P(Q) of
one block (Pg) and of the whole chain (Pt) according to?’

S(Q) = (VI4)[P&(Q) — P+(Q)] ()

At Q = 0 both P(Q=0) = 1 cancel each other, giving S(0)
= 0 while the interference peak occurs at Qm = 1.945/
Ry and S(Qm) = 0.1906(V/4) because of the stronger
decrease of Pt with Q. In the following we will make
use of an approximation of S(Q) obtained from an
expansion around Qp, according to®

S(Q) = V[2(T'sV) + e(Q* — Q3™ (8)

with T'sV = 10.495 and e = 0.482R‘g‘. I's is the Flory—
Huggins parameter at the spinodal or critical temper-
ature as will be discussed below.

C. Structure Factor of Diblock Copolymers.
Usually a repulsive interaction energy is existing be-
tween the two blocks leading to thermal fluctuations
and transitions of ordered phases at low temperatures.
An effective Hamiltonian has been expressed for sym-
metric (f = 0.5) diblock copolymers within the Hartree
approximation and neglecting thermal composition
fluctuations as?5382829

HP09} = {5l + (V" + Q)10 +
(U4 + (wR/e!)¢6} )

with the order parameter @(x), which becomes zero in
the disordered phase. The effects of thermal fluctuations
can be included in the parameters evaluated from a one
loop renormalization procedure. The parameter of the
first term in eq 9 is, when transformed into the Q-space
representation, the inverse structure factor as given in
eq 8, but with a renormalized FH parameter I'r in S(Qm)
according to

SHQ,,) =g =2[[V — TRVIIV (10)

The structure factor at Q = Q, represents a susceptibil-
ity that becomes singular at I'r = I's. In diblock systems
the influence of thermal fluctuations is stronger than
in blends because integrals in the renormalization
procedure become singular within a shell of the Q space
at Qn.2%10 The renormalized T'r has been derived by
Fredrickson—Helfand,*0 including the effect of thermal
fluctuations according to

TRV =TV — Gi\/S(Q, )V (11)

The “fluctuation” term is proportional to a Ginzburg
number Gi = &/N¥2 and to the square root of the
susceptibility. The parameter ¢ depends on molecular
parameters and is € = 105.7 for a chain length ratio f =
0.5.2 The parameter N = (R}/V)? (R§ = 6R? being the
end-to-end distance of the polymer) is the average
number of chains in the volume R3.1° The Ginzburg
criterion follows the scaling law according to Gi 0 V095,
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Table 1. Evaluated Thermodynamic Parameters
PEP— PEP— PEE-  PEE/

sample PDMS (1) PDMS (2) PDMS  PDMS
X* = (Q*Rg)? 3.783 -
Ry = v/x*/Q* [A] 31.4 40.7 48.9 -
(T =182°C) (T =178°C) (T = 164 °C)
N = (RY/V)2 5.13 x 103  13.6 x 103  20.5 x 103 -
¢ 105.7 -
Gi 1.48 0.9 0.74 -
sV 10.495 2
ToptV 13.8 12.9 12.6 -

indicating that thermal fluctuations have less influence
in higher polymer weight systems. The theoretical
parameters determining Gi have been collected for all
diblock copolymer samples in Table 1.

In the limit of a negligible Gi, the fluctuation effect
becomes negligible and T'rV = TI'V becomes valid in
accordance with the mean field approximation derived
by Leibler.” So, if fluctuations become relevant, the
mean field or bare FH parameter I" in eq 11 is reduced
by the fluctuation term and thereby stabilizes the
disordered phase. The Hamiltonian given in eq 9
introduces the parameter I' as an enthalpic term ac-
cording to I'/T. Experiments, however, have shown that
similarly to polymer blends I" has to be extended by an
entropic term I', in order to describe the experimental
data. So the FH parameter is a free energy parameter
according to ' = I'//T — I,.4

In symmetric diblock copolymers the transition from
the disordered to the ordered phase is predicted as a
second-order phase transition if one neglects the effect
of thermal fluctuations. In the case of strong thermal
fluctuations, however, the second term of the Hamilto-
nian in eq 9 becomes negative, indicating a transition
of a \gveak first-order phase transition at the FH param-
eter.

ToprV = 10.495 + 41(Gifg)*? (12)

At Gi = 0 a second-order phase transition would occur
at ToptV = I'sV = 10.495; the second term in eq 12
describes the stabilization effect of the thermal fluctua-
tions (see corresponding parameters in Table 1).

D. Structure Factor of Polymer Blends within
the Flory—Huggins Approximation. The structure
factor S(Q) of thermal composition fluctuations in binary
polymer blends can be derived within the random phase
approximation.1? It is a mean field approximation,
which in the limit of small wavenumber Q is given as

S7HQ) = S7H0) + AQ? (13)

For our purpose S(Q) in eq 13 describes the thermal
composition fluctuations well as we always could per-
form our measurements at sufficiently small Q. So we
obtain two parameters from the scattering experiments;
the structure factor extrapolated to Q = 0 is a suscep-
tibility which, according to the fluctuation—dissipation
theorem, is related to the Gibbs free energy of mixing,
Gm (eq 2), according to S(0) = 3%(G/RT)/0d2 (R is the
gas constant).22 Within the Flory—Huggins approxima-
tion (egs 3 and 4) the susceptibility is obtained as

S7H0) = 2[T.V — V]IV (14)

The FH parameter I' =T'v/T — I'; has the same meaning
as for diblock copolymers. The symbol T'c is the FH
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Table 2. Sample Characteristics of PEE-PDMS

polymer blend

diblock copolyme

polymer poly(ethylethylene) poly(dimethylsiloxane) poly(ethylethylene) poly(dimethylsiloxane)
chem structure PEE PDMS PEE PDMS (SiOCHsg)
(C4Hs8D22) (SIOC2He) (C4Hs8D22)
o [A] 5.78 5.84 5.78 5.84
Q [cm3/mol] 66 7.7 66 77.7
S cibi/Q;j [10%° cm~2] 1.79 0.0628 1.79 0.0628
Vw [cm3/mol] 2010 2270 12000
N 30.5 29.2 168
volume fraction PEE o =0.516 f=05
I's [10~* mol/cm3] 9.37 8.82

parameter at the critical point; for a symmetric mixture
with V = V4 = Vg and the critical composition ®¢ =
0.5, one gets from the configurational entropy I'c = 2/V.
So in the case of a zero FH parameter S(0) in eq 14 is
given as S(0) = V[2(I'sV)]~! and is identical to the value
of S(Qm) in eq 10 for diblock copolymers. Both suscep-
tibilities S(0) and S(Qm) for I' = 0 are identical to those
given in egs 6 and 8, respectively, and from which T'c
can be evaluated. The second parameter A in eq 3 is
related to the correlation length of the thermal fluctua-
tions according to & = 4/AS(0).

E. Thermodynamic Parameters Obtained from
SANS. The experimental FH parameters ' =TH in eq
14 and T = TIPB in eq 11 are bare or mean field
parameters of the Flory—Huggins theory valid at high
temperatures when the reduced temperature, t := (T —
Tc)/T, is much larger than the Ginzburg number, t >
Gi.2> One implicit assumption of the theories discussed
above is the equivalence of T = TH = T'®B, In more
sophisticated lattice cluster theory (LCT) calculations
by Dudowicz and Freed, the following relationship was
proposed

8 =T — A/VIT — ([T = A V) (15)

which contains an additional term associated with the
junction region of diblock copolymers.3° Both V! terms
are of the order of magnitude larger than similar
postulated terms related to the end groups of chains.3°
So, according to eq 15, the same FH parameter is
expected only in the limit of large polymer chains in
blends and diblock copolymers.

F. Characteristic Peak Position Qn, of Diblock
Copolymers. Within the classical theories for diblock
copolymers by Leibler,” Ohta—Kawasaki,® and Fred-
rickson—Helfand®® Q. was obtained as a constant
value because of the assumptions of random phase
approximation assuming a Gaussian coil conformation
and of a local approximation of the higher order vertex
functions ug and wg in the Hamiltonian of eq 9, taking
these parameters as constants. Experiments, however,
have shown that deviations from a Gaussian chain
conformation already occurs well above the ODT transi-
tion.3! Theoretical extensions by Barrat and Fredrick-
son32 and by Stepanow3? qualitatively confirm the
experimental results. The theory by Stepanow?3? going
beyond the RPA approximation additionally proposes
a stepwise increase of the coil size at the ODT transition
in consistence with experiments by Stihn et al.;34 on
the other hand, in asymmetrical diblock copolymers a
stepwise decrease of the coil was found by Ogawa et al.®®

More quantitative results have been obtained from
recent simulation studies by Fried and Binder;3 a
scaling behavior of Qn, vs (I'N) or 1/T at constant N was
found with a maximum effective exponent Av = —0.24

near the ODT transition instead of the predicted Av =
0 by the RPA. We furthermore define for our experi-
mental analysis a chain compressibility fcon according
to

Beont=—309INRJIP=30InQ, /0P  (16)

describing the pressure dependence of the measured
position Qm.

I11. Experimental Section

The scattering experiments were performed at the SANS
diffractometers at the DRS3-reactor of the Risg National
Laboratory®” and at the FRJ2-reactor of the “Forschungszen-
trum Julich”.38 For these studies a steel-bodied temperature—
pressure cell was used which allows an in-situ change of
pressure and temperature in the range of 0.1 < P (MPa) <
200 and —20 < T (°C) =< 200, respectively, with a temperature
control better than 0.01 K. This cell was developed in our
laboratory in Jilich. The sample thickness and its neutron-
irradiated diameter was 0.1 cm and 0.7 cm, respectively. After
each change of the temperature we waited for half an hour
before proceeding with the neutron measurements in order to
safely achieve a stationary temperature field in the relatively
large pressure cell. The temperature of the sample was
determined from the mounted thermocouple and corrected for
the temperature gradient between the sample and the position
of the thermocouple. This gradient value has been measured
independently under identical conditions with an additional
thermocouple mounted at the sample position. The scattering
data were corrected for background, detection efficiency of the
single detector cells, radially averaged, and calibrated in
absolute units by a Lupolen secondary standard. The resulting
absolute macroscopic cross section d>/dQ(Q) in units of cm™?
is related to the structure factor S(Q) according to d=/dQ(Q)
= S(Q)Ap?Na, where Ap is the difference of the coherent
scattering length densities of the polymer components 3 cibi/
Q; whose numerical values are given in Tables 2 and 3 and
Na is the Avogadro number. The scattering experiments were
performed in the momentum transfer range of 7 x 103 < Q
(A1) = 0.1 using the settings of 7 A neutron wavelength and
the detector-to-sample distances of 2 and 6 m with the
corresponding collimation distances. In the data analysis the
instrumental resolution was taken into account according to
the usual procedure.®

Different polymer melts were investigated: a polymer blend
and a diblock copolymer of poly(ethylethylene) (PEE) and poly-
(dimethylsiloxane) (PDMS) and two diblock copolymers of poly-
(ethylenepropylene) (PEP) and PDMS with different molecular
weight. Their characteristic parameters are given in Tables
1-3. The homopolymers and the diblock copolymers were all
synthesized by anionic polymerization followed by catalytic
hydrogenation (using deuterium gas).*° Their measured densi-
ties gave consistent results with an equal degree deuteration
according to the chemical formula C4D;gHs.4* The blend and
the diblock systems are symmetric with respect to their
molecular weight and composition. Size exclusion chromatog-
raphy (SEC) was not conducted on the first block of the diblock.
However, from SEC on corresponding shorter homopolymers
of PEE and PDMS we expect the polydispersity to be mostly
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Table 3. Sample Characteristics PEP—PDMS?2

diblock copolymer (1)

diblock copolymer (2)

poly(dimethylsiloxane)

poly(ethylenepropylene) poly(dimethylsiloxane)

polymer poly(ethylenepropylene)
chem structure PEP(CsHs.3D4.7)
o [A] 5.5 5.84
Q [cm3/mol] 81.9 77.7
S cibi/Qi [101° cm~2] 4.46 0.0628
Vw [cm3/mol] 6350
N 79
volume fraction PEP
Ts [10~* mol/cm3] 16.6

PDMS (SiOCzHe)

PEP (CsHs3D4.7) PDMS (SiOC,He)
55

. 5.84
81.9 7.7
4.46 0.0628
8500
106.6
f=05
12.4

af was determined by 3C and the degree of deuteration by 'H NMR spectroscopy. V,, is the number-averaged molecular volume.

TTrTT T T T T YT T T T T T T T YTy Ty
PEP-PDMS(1)
PEP-PDMS(2) | 4
PEE-PDMS

> o

[od

G'[Pa]

1

100 20 40 60 80 100 120 140 160 180

Temperature [°C]

Figure 1. Elastic dynamic modulus vs temperature for the
three diblock copolymers. The ordering temperatures are
consistently larger by about 5 K as those obtained from the
SANS experiments in Figure 6a probably because of temper-
ature gradient effects.

due to the PDMS block. For a PEE with V,, = 2.07 x 10% cm?
mol and a PDMS with V,, = 2.33 x 10% cm®mol, a polydisper-
sity of respectively V,/V, = 1.06 and V,/V, = 1.31 was found;
a block copolymer of these two species would have V,/V, =
1.17.

These systems are disordered at high temperature and
ordered or phase decomposed at low temperature. This is seen
in Figure 1 for the diblock copolymers from rheological
measurements; the order—disorder temperature Topr of the
diblocks is obtained from the strong decrease of the dynamical
elastic modulus G’ vs temperature.

IV. SANS Results

A. Structure Factor of the Diblock Copolymers
and Binary Homopolymer Blend. In Figures 2 and
3 examples of the structure factor S(Q) of the diblock
copolymer PEP—PDMS(2) and the binary blend PEE/
PDMS are shown. Figure 2 shows S(Q) of the diblock
copolymer at constant pressure and different tempera-
tures (Figure 2a) and at constant temperature and
different pressure (Figure 2b). Lowering the tempera-
ture always leads to an increase of the peak intensity.
The strong increase and narrowing of S(Q) between
160.3 and 155.8 °C is a result of the phase transition
from a disordered to a lamellar ordered state. Figure
2b shows a sector around the peak position at the
constant temperature of T = 160.3 °C for various
pressure fields between 0.1 and 200 MPa. A slight

a l4 L e A AL B R —
12k PEP-PDMS(2) i
= 1.0} P=0.1MPa .
g | —o— 155.8°C
= 08 F —~—1603°C i
g | —&— 164.8°C
= 0.6k —v— 173.8°C |
=, —o— 182.8°C
= L
S04 4
7] L
02 a

ol

g

- 10 B 7

S

<’,Q

=

= T=160.3°C

(@] 09F —0—0.1MPa -

bt —0—50MPa
—A—100MPa
—v— 150Mpa
—e—200MPa

0.8 M L " L 1 N N 1 N
42 4.5 4.8 5.1 5.4

Q[107A™]

Figure 2. Structure factor of the PEP—PDMS(2) diblock
copolymer at constant pressure (a) and temperature (b).

decrease and increase of S(Qn) is observed between 0.1
and 100 MPa and between 100 and 200 MPa, respec-
tively. This means that the order—disorder phase
boundary first decreases and then increases with in-
creasing pressure because thermal composition fluctua-
tions are continuously increasing approaching the order—
disorder temperature Topt. A further observation is a
continuous shift of the peak position to larger Q values
with increasing pressure, indicating a shrinking of the
polymer chains. The structure factor S(Q) delivers three
characteristic parameters: the peak maximum, its half-
width, and the peak position. The maximum S(Q,) is a
susceptibility while the other two parameters give the



Macromolecules, Vol. 34, No. 6, 2001

3.0 p—rrrrr—r——————
a [ ]
p5
=t =<y
5 20f ]
g : ]
o 13 E
o110} .
.-"\'/ L P=0.1MPa
5] i * 1s6°c ]
0.5F = i51°C
: A 147°C
0.0-....l....I;;..l....l....l....
0 1 2 3 4 5 6
Q* [107A™)
b :""I""I"“l""l""l""
o} [reomos]

S(Q) [10™* mol/cm’]

T=147°C -
* 0.IMPaT
A 25MPa |
¥ 50MPa |

0 1 2 3 4 5 6

2 -4 ¢ -2
Q' [107AM

Figure 3. Structure factor of the PEE/PDMS blend in Zimm

representation at constant pressure (a) and temperature (b).

correlation length of the thermal composition fluctua-
tions and the size of the polymer chains, respectively.
These parameters will be discussed in detail below.

Figure 3 shows S(Q) of the PEE/PDMS binary blend
depicted in a Zimm representation. Within the statisti-
cal error bars the data follow straight lines in ac-
cordance with the predicted S(Q) in eq 13. Figure 3a
represents data at constant pressure and at three
different temperatures. Lowering the temperature leads
to an increase of S(Q) because of approaching the phase
boundary. Figure 3b shows S(Q) measured at constant
temperature and three different pressure fields; in the
pressure range between 0.1 and 50 MPa a decrease of
S(Q) is observed. This is caused by a decrease of the
critical temperature with pressure similarly to observa-
tions for the corresponding diblock copolymer in Figure
2b. The two parameters obtained from S(Q), namely,
the susceptibility S(0) and the slope A according to egs
13 and 14, will be discussed below.

B. Susceptibility and Correlation Length. In
Figure 4a,b the inverse susceptibility S™%(Qn) of two
diblock copolymers have been plotted vs inverse tem-
perature (1/T) for various pressure fields. The stepwise
decrease of S™1(Qp,) at the order—disorder temperature
Topt indicates an order—disorder phase transition of
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Figure 4. Inverse susceptibility of two diblock copolymers vs
inverse temperature at varying pressure fields. The stepwise
change of the susceptibility is clearly observed, indicating a
first-order transition to a lamellar ordered phase. The solid
lines represent the fitted expression of the Fredrickson—
Helfand theory from which the Flory—Huggins interaction
parameter and the Ginzburg number were evaluated.

first order. Increasing the pressure field leads first to a
decrease and then to an increase of Topr as clearly seen
in the inset of Figure 4a, in agreement with the observed
pressure-dependent degree of thermal fluctuations in
Figure 2b. The solid lines represent a fit of the suscep-
tibility with the Fredrickson—Helfand theory according
to egs 10 and 11. The fitted curves describe the
experimental data very well; from this fit the Flory—
Huggins parameter and the Ginzburg number were
evaluated in accordance with eq 11.

The increase of the thermal fluctuations is accompa-
nied by an increase of their correlation length being
inversely proportional to the half-width AQn, of S(Q);
AQm, as obtained by fitting the data to the Leibler
function and calculating the corresponding widths at
half-maximum value, is plotted for various pressure
fields in Figure 5a,b vs 1/T. Qualitatively, the same
behavior is observed as for the susceptibility.
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Figure 5. Full half-width vs inverse temperature of the same
sample as in Figure 4. A qualitatively similar behavior as for
the susceptibility is observed.

V. Analysis and Discussion of the SANS Results

A. Phase Diagram. The phase diagrams of all three
diblock copolymers have been plotted in Figure 6a. The
order—disorder phase transition temperatures are shown
Vs pressure as they were obtained from the stepwise
change of the susceptibility. The solid lines are polyno-
mial fits and serve as a guide for the eye. The polymers
are ordered at low temperatures and disordered at high
temperatures, and in all three cases the phase boundary
first decreases and then increases with pressure. The
transition temperatures of the two PEP—PDMS differ
by about 100 K because of the larger molar volume of
sample 2 leading to a smaller configurational entropy
(see also Table 4).

In Figure 6b the corresponding phase diagram of the
near critical PEE/PDMS blend vs pressure is shown.
The spinodal temperature was determined from the
extrapolated inverse susceptibility S~1(0) = 0 according
to eq 14. The blend is homogeneously mixed at high
temperature and phase separated at low temperature.
The pressure dependence of the phase boundary is
qualitatively similar to those of the diblock copolymer;
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Figure 6. Phase diagrams of the diblock copolymers (a) and
the blend (b). In all cases an abnormal pressure-induced
decrease of the phase boundary is observed. The different
transition temperatures of the PEP—PDMS diblock copolymers
are caused by the different molar volumes. The relatively low
transition temperature of the PEE—PDMS diblock copolymer
is related to a relatively small Flory—Huggins parameter
supporting a better compatibility of the two blocks.

the phase boundary first decreases and then increases
with pressure.

A characteristic similarity of all studied samples is
their abnormal pressure dependence of the phase bound-
ary at the lower pressure fields showing a decrease of
the phase boundary. A similar behavior was found in
the binary blend PEMS/PDMS?? and in the diblock
copolymers PEP—PEE,'® PS—PI,2° and PS—PMPS.?2° To
better understand the origin of this behavior, we have
to further analyze the FH parameter and the Ginzburg
number.

B. Flory—Huggins Parameter. Figure 7 shows the
FH parameter T" vs 1/T of the PEP—PDMS(1) samples
for three pressures as evaluated from the Fredrickson—
Helfand theory (eqs 10 and 11). For pressure fields
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Table 4. Thermodynamical Parameters from Experiment

at 0.1 MPa2
PEE/PDMS PEE-PDMS PEP— PEP—

sample (blend) (diblock) PDMS (1) PDMS (2)
Ts; Toot - 83 57.4 157
[°C]
T [°C) 142 +3 - - -
Gi - 16+04 6.1+05 54+05
I'h 0.8+0.2 0.26+0.003 1.26 +£0.01 1.46 +0.02
[mol K/cm3]
I, [10°8 0.97 +£0.2 0.48+0.006 0.76 +£0.03 1.15+ 0.05
mol/cm3]
An [K] 6440 5250
A, 5.9 9.7
I'optV — 11.8 19.1 19.1

a The given error bars were obtained from statistical methods
of the fitting routines including the statistical error of the
experimental data.
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Figure 7. Flory—Huggins parameter of the diblock copolymer
PEP—-PDMS(1) for three pressure fields as evaluated from the
susceptibility in Figure 4a with the Fredrickson—Helfand
theory. The obtained straight line is consistent with ansatz I'
=TWT —T,.

between 0.1 and 76.5 MPa the value of T slightly
decreases and then increases, showing the maximum
value at 136.5 MPa. The lower I' means a better
compatibility of the two polymer components and there-
fore a decrease of the phase boundary as observed in
Figure 6. The FH parameter follows I' =T'w/T — I, from
which the respective enthalpic and entropic terms I',
and TI';, were evaluated. These both parameters are
depicted vs pressure in Figure 8a—c and in Figure 9 for
the diblock copolymers and for the blend, respectively
(see also Table 4). In all cases the enthalpic and the
entropic term first increases and then decreases with
pressure. The maximum values are found at around 100
MPa. The absolute value of T' for the PEE—PDMS
sample is about 5 time smaller than for the PEP—PDMS
sample, indicating a better compatibility. This is also
seen from the phase diagram in Figure 6 where the
PEE—-PDMS sample with a twice as large molar volume
leads to a phase boundary of slightly higher tempera-
ture than the PEP—PDMS(1) sample. Quite generally,
a decrease of the phase transition temperature reflects
an overall lower FH interaction parameter, which can
be caused by a dominating decrease or increase of the
enthalpic or entropic term, respectively. Since both FH
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plotted in Figure 7. In low-pressure fields always a pressure-
induced increase of both parameters is observed.

o F

terms according to the data analysis change (are
increasing) with pressure in the same direction, the
entropic term must be the dominating one.
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Figure 9. Enthalpic and entropic terms of the Flory—Huggins
parameter of the blend. The pressure-dependent changes are
qualitatively consistent with those of the diblock copolymers
in Figure 8.

The relationship of the pressure dependence of the
phase boundary with thermodynamic parameters is
described by the Clausius—Clapeyron equation in eqs
1 and 5. As the phase boundaries and the FH parameter
are independently obtained from the SANS data, namely,
the transition temperature from a stepwise change of
the susceptibility and/or the correlation length and the
FH parameter from the temperature dependence of the
susceptibility within the whole disordered regime, a
cross-check of the FH parameter by the Clausius—
Clapeyron equation according to eq 5 is possible. The
change of the phase boundary with pressure is deter-
mined by two effects, namely, by the change of the FH
parameter shown in Figures 8 and 9 and by the change
of the degree of thermal fluctuations expressed by a
pressure-dependent Ginzburg parameter (see eq 12). In
other studies a decrease of the Ginzburg number with
pressure was observed in polymer blends and diblock
copolymers.t315 In the present diblock samples we
observed a constant Ginzburg number within the error
bars. For the present blend the SANS measurements
were performed with too large temperature steps near
the phase boundary in order to observe deviations from
the mean field behavior and being able to determine the
corresponding Ginzburg number. So, in accordance with
eq 5 we interpret the pressure-induced changes of the
phase boundaries as caused alone by the FH parameter
plotted in Figures 8 and 9. The change of the phase
boundary with pressure is given in Figure 10a,b for the
diblocks and the blend. The dashed lines represent
values directly evaluated from the fitted phase boundary
in Figures 8 and 9 while the solid lines were evaluated
from the FH parameter in accordance with the Clau-
sius—Clapeyron equation in eq 5. The agreement be-
tween both curves is satisfying and therefore, in par-
ticular, gives confidence to the Fredrickson—Helfand
formalism for diblock copolymers. It, furthermore, gives
in terms of the FH parameter an explanation of the
observed abnormal pressure dependence of the phase
transition temperature.

A further question is related to the properties of the
FH parameter of two polymer chains being in one case
mixed as a blend and in the other case connected as a
diblock copolymer. Implicitly, the theoretical approaches
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120 150

assume that the FH parameter depends only on the
monomers and on end effects which may be visible only
for small molecular chains. In eq 15 a relationship of
the FH parameters between blends and diblock copoly-
mers has been proposed by Freed and Dudowicz.®° The
contact between the two blocks gives an additional
contribution proportional to 1/N. The corresponding
coefficients of the entropic and enthalpic terms as
obtained from experiment are plotted in Figure 11 vs
pressure for the PEP—PDMS and PEE—PDMS systems
of the blend and diblock copolymers together with
polynominal fits giving a guide for the eye (see also
Table 4). The enthalpic and entropic coefficients A could
be analyzed as for each system two samples were
studied: for PEP—PDMS the two diblock copolymers of
different molar volumes and for PEE—PDMS a diblock
and a blend system. The more compatible PEE—PDMS
mixture shows slightly stronger pressure dependence
with absolute numbers that are of the same order of
magnitude. A similar analysis of a PB—PS blend and
diblock copolymer!®> and on the PEP—PEE diblock
copolymer?® shows coefficients of similar sizes.
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Figure 11. Parameters of the enthalpic and entropic Flory—
Huggins parameter in eq 15 vs pressure describing a relation-
ship between the Flory—Huggins parameter of diblock copoly-
mers and polymer blends as proposed by LCT calculations.

The FH parameter of all samples irrespective of being
a diblock copolymer or a binary blend shows qualita-
tively the same behavior, namely, first an increase and
then a slight decrease of both I'y, and I'; with pressure.
In the pressure range of increasing I', and I', a negative
change of the phase boundary is observed. The Clau-
sius—Clapeyron equation gives consistent results,
namely, a dominant contribution of the entropic I', term.
No change of the Ginzburg number with pressure was
observed which means that the change of the phase
boundary with pressure is solely determined by changes
in the FH parameter. The FH parameter of polymer
systems showing abnormal changes of the phase bound-
ary as the PEMS/PDMS blend in ref 22 shows qualita-
tively the same behavior as in the presented samples
while an other polymer system shows a different
behavior: in the PEE—PEP diblock copolymer increas-
ing pressure leads to a decreasing I'y,, while T'; remains
constant.’® It is characteristic that the two blocks of this
sample are rather compatible as they have only a small
FH parameter; I'y, being about 4 times smaller than the
corresponding PEE—PDMS value given in Figure 8c,
and T, is equal to —1.8 x 1075 mol/cm3.2

C. Ginzburg Number. The Ginzburg number of
these diblock copolymer samples shows no pressure
dependence within the experimental uncertainty as
shown for the PEP—PDMS(1) sample in Figure 12a (see
also Table 4). This is in contrast to observations of the
PB—PS system where a clear decrease of Gi with P was
observed.’> As now a collection of Ginzburg numbers
from several diblock copolymers with different molar
volume are available, we have plotted these numbers
in Figure 12b vs the molar volume in a double-
logarithmic representation. These Ginzburg numbers
comprise data obtained from SANS experiments of
samples from the present work as well as data from refs
15, 18, and 23. The PEP—PEE (ref 18) and PB—PI (ref
23) diblock copolymers of relatively large molar volumes
could be studied because of the already mentioned good
compatibility of the PEP and PEE blocks and of the
ordering transition at high temperatures, respectively.
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Figure 12. (a) Example of a Ginzburg number vs pressure
as evaluated from the Fredrickson—Helfand theory. Gi is
constant within the error bars. (b) Ginzburg number vs molar
volume from different diblock copolymers in double-logarithmic
scale. The scaling exponent is near 0.5 as proposed (see text
below eq 11). The deviation of Gi from the PEE—PDMS sample
is in contrast to a universal law.

The Ginzburg number determined for molar volumes
over 2 orders of magnitude follow, excluding the value
of the PEE—PDMS sample, a near perfect scaling law
with an exponent of —0.58, which is very near the
theoretically predicted universal scaling behavior with
slope —0.5. The PEE—PDMS sample shows roughly a 3
times smaller Gi, indicating that there anyway are
limitations for universality.

D. Polymer Chain Conformation and Compress-
ibility. The peak position is the third parameter
obtained from S(Q). It will be discussed separately as
it gives more microscopic information about the size of
the diblock copolymer; within the Leibler mean field
theory and the Fredrickson—Helfand theory the radius
of gyration follows the relationship RqQm = 1.945; e.g.,
assuming Ry constant, Qn is expected to be constant
with temperature and pressure.”® Experiments,31:34.35
extensions beyond the Fredrickson—Helfand theory,32:33
and computer simulations,3¢ however, have shown that
the polymer is stretching if continuously approaching
the ordering phase transition. The simulation studies
have also shown that Qn, does not only represent pure
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Figure 13. Peak position of the structure factor vs inverse
temperature in double-logarithmic scale (a). A scaling behavior
is observed in the disordered and ordered regimes. The
corresponding exponents in (b) give within the error bars
constant numbers. A stepwise decrease of the chain size is
always observed at the transition temperature.

chain properties but also reflects cooperative effects. In
Figure 13a Qn, of the PEP—PDMS(2) sample is plotted
vs the inverse temperature for various pressure fields
in a double-logarithmic scale; the temperature has been
normalized with the order—disorder temperature. Two
scaling laws are observed, separated by the phase
boundary. The corresponding exponents are plotted in
Figure 13b; in the disordered regime Qn, decreases with
temperature with an exponent of —0.35 and in the
ordered regime with slightly smaller absolute exponent
which always means a stretching of the polymer con-
firmation. These findings are in good quantitative
agreement with simulation calculations, finding a maxi-
mum exponent of Av = —0.24 near the transition
temperature.3® The simulations were performed over a
much larger temperature range and therefore show a
crossover to Gaussian coil behavior with a zero exponent
at high temperatures. Within error bars the exponents
in Figure 13b are constant while the coil size itself is
appreciably decreasing with pressure.
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Figure 14. (a) Peak position vs pressure for the PEP—PDMS-
(1) diblock copolymer for different temperatures. The com-
pressibility according to eq 16 in (b) shows always a decrease
a higher pressure fields. At the ODT transition a hump is
observed.

At the transition temperature a stepwise decrease of
the size of the polymer coil is observed in all measure-
ments presented in this paper. A discontinuous change
in the coil size has, according to calculations by Stepanow
beyond the random phase approximation,®® been pre-
dicted at the Topr, however, with a stepwise increase
of the coil size. A stepwise decrease of the coil size was
also observed by Ogawa et al., however, only for an
asymmetric diblock copolymer forming cylindrical
microdomains.3°

In Figures 14a and 15a Qn has been depicted vs
pressure for the samples PEP—PDMS(1) and PEE—
PDMS. In all cases the coil radius decreases with
increasing pressure and temperature. From the data in
these two plots the compressibility of the chains has
been evaluated according to eq 16 and is plotted in
Figures 14b and 15b. With increasing pressure and
decreasing temperature the compressibility is declining.
Quite remarkable is the observed hump in the com-
pressibility at the ordering transitions, Topt, Which is
of course reflecting the directly observed stepwise
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Figure 15. Same as in Figure 14 but for the PEE—PDMS
diblock copolymer. A qualitatively similar behavior is found.

decrease of the chain size at TopT, as shown in Figure
13a, 14a, and 15a.

V1. Summary and Conclusions

We have studied thermal composition fluctuations in
the disordered phase of several binary polymer melts
as a function of temperature and pressure. We studied
two PEP—PDMS diblock copolymers of different molar
volumes, a PEE—PDMS diblock copolymer and a PEE/
PDMS binary blend. In all cases we had symmetric
diblock copolymers (¢ = 0.5) and a blend near its critical
composition (¢ = 0.5). We determined as a function of
pressure the phase boundaries of respectively micro-
phase separation into lamellar ordered structure and
macrophase decomposition, the Flory—Huggins interac-
tion parameters, and for the diblock copolymers the
Ginzburg number and the chain compressibility. As
shown in Figure 6, it is found that for all samples the
phase boundary abnormally decreases at low-pressure
fields and increases at higher applied pressures. An
increase of the phase boundary with pressure is ex-
pected as a result of the reduction of the free volume
and thereby of entropic contributions by pressure. Such
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behavior has been observed in many binary polymer
blends and in some diblock copolymers. The increasing
phase boundary was also predicted from calculations
based on lattice cluster theory (LCT), when the effect
of compressibility was included.!® It has been discussed
whether a decrease of the phase boundary with pressure
might be the normal case for diblock copolymers, since
this for some time has been the situation observed
experimentally in most diblock copolymer systems. More
recent SANS experiments, however, suggest that this
is not the case: blends and diblock copolymers of
polybutadiene (PB) and polystyrene (PS) show qualita-
tively the same pressure behavior.’® In the present
studies we also find similar behavior of diblock and
homopolymer blends. A major result of the present work
is therefore to demonstrate that the pressure depen-
dence is mainly determined by the properties of mutual
interaction between the various polymer segments.

The pressure-dependent FH parameters plotted in
Figures 7—9 were determined from the measured
susceptibility in the disordered regime, analyzed on the
basis of the Flory—Huggins and the Fredrickson—
Helfand theoretical approaches for respectively blends
and diblock copolymers. Both the enthalpic and the
entropic terms of I" first increase and then decrease with
pressure, consistent with the phase boundary described
via the Clausius—Clapeyron equation. It is concluded
that the decrease of the phase boundaries at low-
pressure fields is caused by an entropic increase which
dominates over the enthalpic contribution.

It is known that thermal fluctuations expressed by
the degree of the Ginzburg number Gi stabilizes the
disordered phase. As Gi of the present diblock copoly-
mers is found constant with pressure (Figure 12a), the
change of phase boundaries with pressure is not affected
by thermal fluctuations. In Figure 12b we furthermore
give a collection of Gi from several diblock copolymers
studied by us over the recent years; a scaling behavior
of Gi vs the molar mass is found for most systems with
an exponent slightly larger than the predicted 0.5 (see
subsequent text of eq 11).

Finally, we discuss a more microscopic quantity of the
diblock copolymers obtained from the peak position of
the structure factor S(Q) which is related to the size of
the polymer chains. It was found from simulation
studies that this number represents a collective length
originating from the cooperative behavior of many
chains.®® As seen in Figure 13a for all pressure fields
the chain length is stretching with decreasing temper-
ature approaching the ordering transitions, while an
increase of pressure causes shrinking chain conforma-
tion. At the Topt transition temperature a slight, but
distinct, stepwise increase is observed in Qn, leading
to a weak singularity of the chain compressibility
(Figures 14b and 15b); the corresponding shrinking of
stretched polymers chains leads to an increase of the
configurational entropy. The peak maximum Qy, follows
vs 1/T a scaling behavior with an exponent of —0.33 in
the disordered regime. This is quantitatively consistent
with simulation studies; the stepwise change of Q, at
Toprt, however, was not observed in the numerical
simulations.36
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