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ABSTRACT: Interdomain spacing,d, of microphase-separated poly(styrene-b-dimethylsiloxane) in high-pressure
carbon dioxide (CO2) was found to follow a modified power law scaling,d/ê ∼ φdiblock

-γ , whereê is a swelling
asymmetry factor andφdiblock is the volume fraction polymer. This interdomain spacing was measured in situ
both isothermally and at constantφdiblock using small-angle neutron scattering. The use of high-pressure CO2 as
the diluent enabled precise control of sorbed solvent volume fraction in highly concentrated systems at elevated
temperatures. Data measured at constantφdiblock are in agreement with theoretical predictions and experimental
data for dilution by traditional liquid solvents and follow the scaling lawd ∼ øAB

-â. In the highly concentrated
regime, the isothermal dependence onφdiblock cannot be described by the simple power law scaling previously
suggested for liquid diluents,d ∼ φpolymer

-γ . By accounting for solvent selectivity usingê, however,d-spacing as
a function ofφdiblock for a system exhibiting lamellar morphology collapses to a common scaling.

Introduction

Microphase-separated block copolymers are promising nano-
scopic templates due to their ability to self-assemble into ordered
structures with prescribed morphologies.1,2 These templates can
be used for numerous applications including the preparation of
ordered metal-polymer nanocomposite materials,3 nanowires
for integrated magnetoelectronic devices,4 magnetic storage
media,5,6 and mesoporous silica.7-9 The utility of these materials
is generally strongly dependent upon the size of the nanostruc-
tures and thus the interdomain spacing of the phase-separated
copolymer. One route to control the characteristic interdomain
spacing of the copolymer is synthetic through the size of the
macromolecule,N, where the interdomain spacing,d, has been
shown to follow the scalingN2/3.10 However, precise control
of domain spacing can be difficult, and the synthesis of new
polymer is necessary for even slight variation in the domain
size.

A more facile approach to control of the interdomain spacing
is through dilation of the block copolymer with a small molecule
diluent. Variation ofd is possible through adjustments in the
concentration of the solvent and solvent selectivity.11-15 The
interdomain spacing of a microphase-separated copolymer
dilated with liquid solvents at concentrations of less than∼10%
of the diluent generally follows a simple power law

whereR is the scaling coefficient describing the change ind
with φdiblock. For the case of a nonselective diluent added to a

phase-separated copolymer, experimental measurements have
shown thatR varies from R ) -0.23 to R ) -0.33.11-15

Numerical calculations ofR for nonselective solvents predict
that in the strong segregation limitR ) -0.50 and in the weak
segregation limitR ) -0.20.16,17Thus, dilution by nonselective
solvents appears to be well understood, with agreement between
experiment and theory.

The effect of the addition of selective diluents onR is more
complicated. Experimental work11,12,18has revealed thatR for
a selective solvent depends on the degree of solvent selectivity,
solvent volume fraction, the relative volume of the two phases,
and the morphology of the ordered state. Depending on these
factors,R has been shown to vary fromR ) -0.51 to R )
0.46 for various polymer-solvent systems. Several numerical
estimations16,18 of R for various model copolymer-diluent
systems predict thatR can vary fromR ) -0.31 toR ) 1.00
for selective diluents. The work of Lai, Russel, and Register
illustrates the complexity of the behavior of the interdomain
spacing when block copolymers are dilated with selective
solvents.12 In their study, the behaviors of several poly(styrene-
b-isoprene)s dilated by a series of isoprene selective solvents
were studied. The scaling exponent of the power law given by
eq 1 was found to increase with solvent selectivity and was
shown to be dependent upon the copolymer composition and
the copolymer morphology. As the fraction of styrene was
increased from the symmetric case,R was also found to increase
as the morphology of the copolymer progressed from spheres
to cylinders to lamellae. One surprising feature noted by the
authors is that interdomain spacings for diluted systems exhibit-
ing a lamellar phase in three solvents of varying selectivity do
not extrapolate to the same bulk domain spacing, with the
discrepancy becoming more severe as the diluent becomes more
isoprene selective.12 This suggests that in the limit of highly
concentrated copolymer solutions the scaling relationship given
by eq 1 may fail, although for the system studied the analysis
is complicated by the presence of an OOT at highφdiblock. (The
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d ∼ φdiblock
-R (1)
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neat copolymer used in the study exhibits a cylindrical morphol-
ogy.)

Although organic liquid solvents have traditionally been used
to modify polymer properties, recently compressible fluids, such
as CO2, have been investigated for similar purposes.19-22

Polymers dilated by CO2 are useful as media for chemical
modification,23,24including synthesis of nanostructured materials
using block copolymers as templates.9,25Additionally, since most
polymers are not soluble in CO2,26,27the concentration of carbon
dioxide in the polymer is equilibrium controlled and can be
varied through changes in pressure and temperature. Accurate
equations of state for CO2 allow for the effects of pressure and
temperature to be determined through calculation of the fluid
activity, which collapses CO2 sorption isotherms onto a master
curve.28,29 Because of the tunable solvent quality of CO2, the
polymer volume fraction in a dilated system,φpolymer, can be
continuously adjusted using temperature and pressure.30,31These
attributes of CO2 sorption allow for probing of highly concen-
trated polymer solutions at elevated temperatures and precise
solvent volume fractions, which is generally difficult to achieve
using liquid solvents.

In this work, we explore the interdomain spacing in concen-
trated block copolymer solutions. We use compressed carbon
dioxide as a tunable, partially selective diluent for poly(styrene-
b-dimethylsiloxane) while measuring the interdomain spacing
in situ with small-angle neutron scattering. The interdomain
spacing is examined isothermally while varying the CO2 pressure
and thereforeφdiblock. The temperature dependence ofd for the
swollen diblock was measured at constantφdiblock by holding
the fluid phase activity of CO2 constant.

Experimental Section

Poly(styrene-b-dimethylsiloxane) with a number-average mo-
lecular weight (MN) of 12.5 kg/mol, weight fraction of polystyrene
(wPS) of 0.44, and a polydispersity index of 1.09 was obtained from
the Polymer Synthesis Facility at the University of Minnesota.
Samples were prepared by melt pressing the copolymer at 150°C
into a 1.0 mm thick, 8.0 mm diameter aluminum ring. Measure-
ments were performed using a stainless steel high-pressure cell
utilizing sapphire windows. The design of this cell has been
previously reported in the literature.32 Prior to measurements, the
cell was purged with low pressure (<100 psi) CO2 to remove
residual air.

Small-angle neutron scattering (SANS) measurements were
performed on the NG-1 8 m beamline at the Center for Neutron
Research at the National Institute of Standards and Technology,
Gaithersburg, MD, utilizing a wavelength,λ, of 6 Å with a
wavelength spread,∆λ/λ, of 0.12. The sample-to-detector distance
was 3.84 m. The resultant scattering vector,q, ranged from 0.01 to
0.18 Å-1, whereq ) 4π/λ sin θ andθ is the scattered angle. The
interdomain spacing was determined from the center of the primary
scattering peak,q*, asd ) 2π/q*.

To determine the influence of CO2 on the interdomain spacing,
two distinct experiments were performed: isothermal measurements
with increasing pressure (hence CO2 concentration) and constant
composition through fixed CO2 activity,28,29,33varying the temper-
ature to elucidate thermal effects. The activity of fluid phase was
calculated using the Peng-Robinson equation of state.29,34

The copolymer swelling was calculated as the volume fraction
weighted average of the swelling of the constituent homopolymers

where∆V is the fractional volume change of the phase-separated
diblock copolymer,∆Vi is the fractional volume change of the
constituent homopolymers, andfi is the volume fraction of thei
domain. For microphase-separated diblock copolymers, this has
been shown to be an accurate method35 for determining copolymer

volume fraction, φdiblock. We used data for CO2 swelling of
polystyrene30,36and un-cross-linked poly(dimethylsiloxane)31,37from
the literature in combination with the Flory equation to calculate
∆V at each condition, where the Flory equation simplified for a
polymer-diluent system is

whereøAS is the polymer-diluent interaction parameter,a is the
activity of the diluent in the polymer, andφpolymer is the volume
fraction of polymer in the dilated polymer phase. Since the CO2

concentration in the polymer is equilibrium controlled and the
diblock is insoluble in CO2 at the conditions examined, the CO2

activity in the polymer phase is equal to its activity in the fluid
phase. For polystyrene dilated by CO2 øAS ) 1.72, while for poly-
(dimethylsiloxane)øAS ) 0.855. The A-B interaction parameter
for P(S-b-DMS) has been reported38 as

where the temperature,T, is in kelvin. ThisøAB is used for the
constantφdiblock data to elucidate the thermal effects for this system.

Results and Discussion

The interdomain spacing of poly(styrene-b-dimethylsiloxane)
was measured in high-pressure carbon dioxide using small-angle
neutron scattering, both isothermally and at constantφdiblock. The
isothermal scattering profiles for the copolymer at three pres-
sures at 40°C are shown in Figure 1. There is a slight shift in
the peak position to lowerq with increasing pressure, indicating
CO2 sorption increases the interdomain spacing,d. This il-
lustrates the selective nature of CO2 for the PDMS over PS, as
d generally decreases as the system becomes more concentrated
for weakly selective solvents.12,18 In addition to the primary
scattering peak, a second-order reflection atq ) q2* is clearly
visible in the scattering (not shown in Figure 1). From ratio of
the secondary scattering peak to the primary scattering peak, it
was determined that a lamellar phase is present in the copolymer
at all conditions examined in these experiments asq2

//q1
/ ≈ 2.

Irrespective of the temperature (40°C < T < 140 °C) or
pressure (<250 bar), the copolymer remained in the lamellar
phase. This indicates that although other copolymer systems
have shown that dilution of a copolymer by highly selective
solvents can induce order-to-order transitions (OOTs), a suf-
ficient change infA from selective dilatation to cause an OOT
was not realized in our experiments. From the raw scattering
data, it appears as though CO2 behaves similarly to a partially

Figure 1. SANS data for poly(styrene-b-dimethylsiloxane) dilated with
carbon dioxide. The overlay shows the primary scattering peak
measured at 40°C and three pressures, corresponding to (9) φdiblock )
1.0, (b) φdiblock ) 0.923, and (2) φdiblock ) 0.782. Lines are drawn as
a guide to the eye.

ln a ) φpolymer+ ln(1 - φpolymer) + øASφpolymer
2 (3)

øAB ) 68
T

+ 0.037 (4)

∆V ) fPS∆VPS+ fPDMS∆VPDMS (2)
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selective liquid solvent, except that probing highφ is facilitated
by using sorption equilibrium to control concentration.

Hydrostatic pressure that is inherent to CO2 processing can
also influence the phase behavior and hence the interdomain
spacing. Work by Schwahn and co-workers utilizing poly-
(ethylene propylene-b-dimethylsiloxane) has shown the effect
of hydrostatic pressure ond to be small.39 A decrease ind of
less than 1 Å was observed when the hydrostatic pressure is
increased fromP ≈ 0 bar toP ≈ 1764 bar. The highest pressure
examined in this study was less than 250 bar; thus, we can
assume that the effect of hydrostatic pressure on the measured
interdomain spacing is negligible. We can test this assumption
by measuring the domain spacing at constant CO2 concentration,
by holding the fluid phase activity constant,28 while varying
the temperature (and thus the pressure to maintain constant
activity).

The temperature effect on the domain spacing in dilated as
well as neat systems has been well characterized.18,40-42 The
effect of temperature ond is usually adequately described by
the power law

where the effect of temperature is described by use of the A-B
interaction parameter,øAB, which varies inversely with tem-
perature, andâ is the scaling coefficient describing the effect
of øAB on d. Experimental work11,12 has shown thatâ varies
from â ) 0.23 to â ) 0.33 depending on the copolymer
characteristics and solution conditions. Numerical prediction17

of the scaling ofd with øAB has shown thatâ varies fromâ )
0.2 in the strong segregation limit toâ ) 0.33 in the weak
segregation limit, in agreement with experimental observations.

The interdomain spacing at a constant CO2 activity of 0.92,
which corresponds toφdiblock ) 0.78, was investigated over the
temperature range from 60 to 160°C (Figure 2). From these
data the scaling parameter,â, as given byd ∼ øAB

â , was
determined to beâ ) 0.29, whereøAB was calculated according
to eq 4. The fact that the data are well described by eq 5 supports
the assumption that hydrostatic pressure does not significantly
affect d. A value ofâ ) 0.29 agrees well with the previously
reported values ofâ for liquid diluents.13 The linear scaling of
â with øAB also suggests that hydrostatic pressure does not
contribute significantly to the interdomain spacing because the
nonlinear dependence of pressure corresponding to a given value
of øAB for a constant activity ofa ) 0.92 would otherwise
introduce curvature in Figure 2.

The interdomain spacing of P(S-b-DMS) was also examined
as a function ofφdiblock, isothermally at 40, 100, and 140°C.
For liquid diluents, the scaling ofd with φdiblock is strongly
dependent upon the solvent selectivity but generally conforms
to a power law (eq 1) atφdiblock below 0.9.11,12,18Examination
of d at high φdiblock is generally hindered by difficulty in
preparing homogeneous samples at high polymer volume
fraction and maintaining constant solvent concentration at
elevated temperatures; however, for compressed CO2, whose
concentration is equilibrium controlled, measurements in the
concentrated regime at elevated temperatures are easily realized,
allowing for the interdomain scaling to be probed asφdiblock f
1.

Thed-spacing of P(S-b-DMS) as a function ofφdiblock at 40,
100, and 140°C is shown in Figure 3 using a linear scale and
compared on a log-log scale in Figure 4a. Interestingly, unlike
the single power law obtained for liquid diluents at greater
dilutions,R varies withφdiblock even when the CO2 concentration

Figure 2. Interdomain spacing of P(S-b-DMS) as a function of the
segregation parameter,øAB, in CO2 at a constant activity ofa ) 0.92.
The scaling exponent,â, is determined to be 0.29 from a fit to the data
using eq 5.

d ∼ øAB
â (5)

Figure 3. Thed-spacing of P(S-b-DMS) dilated with CO2 as a function
of φdiblock at 40 (a), 100 (b), and 140°C (c).
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is less than 20%. In the limit of a concentrated copolymer at
40 °C, fits to eq 1 provide a power law exponent,R ) 0.60,
but as the CO2 concentration increases,R decreases until it
plateaus toR ≈ 0 atφdiblock < 0.82 (Figure 4a). Changes in the
scaling can be associated with a change in the block copolymer
morphology through an OOT.11,12,18 However, as previously
discussed, the SANS data showq2

//q1
/ ≈ 2 at all conditions

measured, indicating the lamellar phase is present. In addition,
the variation ofR with φdiblock shown here is consistent with
published data12 for poly(styrene-b-isoprene) in squalane, which
shows thatR determined at moderateφdiblock for a selective
diluent does not always accurately described in the limit of a
concentrated system. In this study, the parameterR decreases
asφdiblock decreases, despite maintaining a lamellar morphology.

From the measurements at constantφ, the interdomain spacing
was well behaved as a function of temperature (Figure 2). Thus,
it was suspected that the scaling withφdiblock would be
independent of temperature. Data collected for P(S-b-DMS) at
100 °C, dilated with carbon dioxide, are shown in Figures 3b
and 4. As with the data collected at 40°C, R at a low degree of
dilation is different fromR at a high degree of dilation. At 100
°C and highφdiblock R ) 0.13, which is significantly less than
R ) 0.60 at 40°C and highφdiblock. As with the data collected
at 40 °C, the scaling at 100°C transitions toR ≈ 0 at low
φdiblock. Further increasing the temperature to 140°C results in
a substantial change in the concentration dependence of the
interdomain spacing withφdiblock (Figure 3C). The data are no
longer described well by the power law given by eq 1 over any
substantial range ofφdiblock. In the limit of φdiblock f 1, R )
0.05, indicating further decrease inR with increasing temper-
ature at highφdiblock.

Again, sharp changes inR observed between 40 and 100°C
as a function ofφdiblock cannot be explained by an OOT, asq2

//
q1
/ has a constant value of≈2, which indicate that lamellae are

present at all conditions measured. Further, hydrostatic pressure
appears to have a negligible effect on the interdomain spacing
at the conditions examined (Figure 2). Thus, the failure of eq 1
to describe the interdomain spacing over the entire range of
φdiblock appears to have a fundamental origin, especially con-
sidering similar observations for liquid diluents.12

We found that a swelling asymmetry factor,ê, can be used
to correct for the dissimilar swelling of the polystyrene and poly-
(dimethylsiloxane). The swelling asymmetry factor,ê, is given
by

wherefPS/CO2 is the volume fraction of the system that is carbon
dioxide swollen polystyrene andfPDMS/CO2 is the volume fraction
that is carbon dioxide swollen poly(dimethylsiloxane). The
swelling asymmetry factor was determined by calculating the
swelling of PS and PDMS at the conditions of interest using eq
3 and the polymer-diluent interaction parameters cited earlier.

This swelling asymmetry factor is similar but not identical
to the asymmetry factor used by Vavasour and Whitmore,16 who
report calculations elucidating the effect of conformational
asymmetry on the order-to-disorder transition. Figure 4 com-
pares a plot ofd as a function ofφdiblock to a plot ofd/ê as a
function of φdiblock. As shown previously, the interdomain
spacing does not scale directly withφdiblock; however, when the
data are plotted asd/ê, thed-spacings of P(S-b-DMS) collected
at all temperatures collapse to a line.

This suggests that the failure of the power law given by eq
1 is due to diluent selectivity effects. The effect of diluent
selectivity ond can be accounted for by considering the ratio
d/ê as a power law inφdiblock as given by

In this equation, the parameterγ describes the scaling ofd/ê
with φdiblock, and for poly(styrene-b-dimethylsiloxane) the scaling
factor is γ ) -1.36. The sensitivity ofγ to variations in the
polymer-solvent interaction parameter,øAS, has been investi-
gated. It was found that with a 10% deviation inøAS for either
polystyrene or poly(dimethylsiloxane) the collapse of the data
to a line is not significantly changed. Further, a 10% deviation
in øAS for either polystyrene or poly(dimethylsiloxane) results
in a maximum change inγ of 7.1%.

Conclusions

The interdomain spacing of P(S-b-DMS) dilated with carbon
dioxide was measured isothermally by in-situ small-angle
neutron scattering at 40, 100, and 140°C as well as at constant
volume fraction of copolymer,φdiblock. At constantφdiblock and
a range of temperatures, the temperature dependence ofd is
well described byd ∼ øAB

â , and the scaling coefficient,â,
determined for the P(S-b-DMS) in CO2 is in good agreement
with previously published experimental results and theoretical
predictions. Isothermal measurements show thatd increases as
φdiblock is decreased, indicating that CO2 behaves similarly to a
selective liquid diluent. The isothermally measuredd is not
adequately described by the traditional scaling,d ∼ φdiblock

-R .
Failure of this scaling is shown to result from the partial

Figure 4. (a) A log-log plot of thed-spacing of P(S-b-DMS) dilated
with CO2 as a function ofφdiblock. The lines are power law fits using eq
1 over the regions indicated and are labeled with the corresponding
exponent. (b) A log-log plot ofd/ê as a function ofφdiblock. Data points
in both plots indicate temperatures of (9) 40, (b) 100, and (2) 140
°C. The data shown in (b) have been fit with a line that has a slope of
γ ) -1.36.

ê )
fPS/CO2

fPDMS/CO2

(6)

d
ê

∼ φdiblock
γ (7)

2518 Francis et al. Macromolecules, Vol. 40, No. 7, 2007



selectivity of CO2 to the PDMS phase. However, the interdo-
main spacing of P(S-b-DMS) swollen by high-pressure CO2 is
well described by a modification of the power law scaling that
accounts for solvent selectivity, which is given by

whereê is a swelling asymmetry factor andγ is the scaling
coefficient describing the change in the ratiod/ê as a function
of φdiblock. This new scaling has been shown to collapse
measured values ofd/ê at various temperatures to common
exponent, indicating the validity of this scaling approach for
lamellar morphologies. The utility of this approach for other
morphologies remains to be investigated.
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