
SANS Study of Polymer-Supercritical Fluid Solutions: Transitions
from Liquid to Supercritical Fluid Solvent Quality

T. P. DiNoia,† C. F. Kirby,† J. H. van Zanten,‡ and M. A. McHugh*,§

Department of Chemical Engineering, Johns Hopkins University, Baltimore, Maryland 21218;
Chemical Engineering Department, North Carolina State University, Box 7905,
Raleigh, North Carolina 27695-7905; and Department of Chemical Engineering,
Virginia Commonwealth University, Richmond, Virginia 23284

Received February 8, 2000; Revised Manuscript Received June 21, 2000

ABSTRACT: Phase behavior and small-angle neutron scattering (SANS) measurements are reported
for poly(ethylene-co-1-butene) (PEB) dissolved in pentane, pentane plus ethane, and supercritical ethane
to pressures of 2000 bar and temperatures of 130 and 150 °C. The solution microstructure and solvent
quality are probed using the high-concentration isotopic labeling technique at the mixture critical
concentration to determine the variation of intra- and intermolecular correlations on approach to the
phase boundary with isothermal changes in pressure. The SANS results for the three solutions show
that the intramolecular radius of gyration remains close to the unperturbed value over the entire pressure
range investigated. However, the intermolecular correlation length changes dramatically as the phase
boundary is approached and is approximately 3 times larger in ethane as compared to pentane even at
1000 bar from the phase boundary. The intermolecular correlation length data suggest that ethane is a
poorer quality solvent than pentane at conditions close to the phase boundary even though both solvents
have similar mass densities.

Introduction
Supercritical fluids (SCF) are being considered as

solvents for processing foods, nutraceuticals, and poly-
meric materials, as reaction media for polymerization
processes, as environmentally preferable solvents for
solution coatings, powder formation, impregnation,
encapsulation, cleaning, crystal growth, and antisolvent
precipitation, and as mixing/blending aids for crystalline
or viscous materials.1-10 This broad range of applica-
tions can be extended further if a better understanding
of the underlying physics and chemistry of SCF-solute
behavior is established. A significant impediment to the
facile application of SCF solvents for processing poly-
mers is the very poor performance of equations of state
used to model polymer-SCF mixture behavior.11-14

Equations of state are still not able to account quanti-
tatively for the intra- and intersegmental interactions
of the many segments of the polymer connected to a
single backbone relative to the small number of seg-
ments in a solvent molecule. In addition, polymer-SCF
solutions are both dense and compressible, which makes
it difficult to calculate accurately the density depend-
ence of the intermolecular potential functions. A sig-
nificant amount of experimental phase behavior infor-
mation now exists on polymer-SCF mixtures from
which a coarse-grained interpretation of the impact of
solvent quality and polymer architecture on the phase
behavior can be obtained.14 In the present work, a small-
angle neutron scattering (SANS) study of polymer-SCF
solution behavior is described to obtain fundamental
microstructural information. SANS data are obtained
at various distances to the phase boundary for poly-
(ethylene-co-1-butene) (PEB) dissolved in liquid n-
pentane, a mixture of n-pentane plus ethane, and
supercritical ethane to characterize how solvent quality

changes from the liquid to the supercritical fluid state.
These PEB/alkane mixtures are chosen since the com-
ponents have closely matched intermolecular potential
functions which facilitates the interpretation of the
experimental data.

Although the properties of dilute polymer solutions
are well understood, much less is known about the
behavior of a polymer chain in the semidilute concen-
tration regime, near the mixture critical point.15,16 In
addition, much less is known about how pressure
influences polymer behavior in both incompressible and
compressible solvents. Very recently, Melnichenko and
co-workers17-19 used SANS to investigate the effect of
temperature and pressure on the intra- and intermo-
lecular interactions of polystyrene in liquid cyclohexane
and in liquid acetone at polymer concentrations near
the respective solution critical points, close to the chain
overlap concentration. They extended these studies to
include poly(dimethylsiloxane) (PDMS) in supercritical
CO2 also near the solution critical point.20 They dem-
onstrated that the radius of gyration (Rg) of the chain,
which is associated with polymer intramolecular inter-
actions, does not deviate from the unperturbed θ-melt
value as the mixture critical point is approached with
changes in pressure or temperature. However, over the
same operating space, intermolecular interactions char-
acterized by the correlation length (ê), rapidly increase
near the mixture critical point and can exceed the
magnitude of Rg, indicating the presence of strongly
interacting unperturbed coils. The SANS studies per-
formed by Melnichenko and co-workers17-19 confirm the
predictions of Muthukumar21 and Raos and Allegra22

that polymer chains remain in the unperturbed state
as the solvent quality is adjusted below the θ-condition
and throughout the poor solvent regime until the critical
boundary is reached.

Other than the PDMS-supercritical CO2 work,20 the
solvents used by Melnichenko and co-workers are dense
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liquids far from their respective, pure component,
critical conditions. It is difficult to probe large regions
of chemical potential space with changes in pressure
and temperature when using an incompressible liquid
solvent. Conversely, it is straightforward to adjust
solvent quality when using a supercritical fluid since
its density is sensitive to modest changes in pressure
and temperature.1 The work presented here addresses
the question of whether differences exist on a micro-
scopic level between the quality of a liquid and an SCF
solvent that are both from the same chemical family.
The inference drawn from available polymer-SCF
phase behavior studies is that an SCF solvent is an
exceptionally weak solvent relative to a liquid.14 For
example, significant differences are exhibited in the
phase behavior of poly(ethylene) (PE) in ethane, pro-
pane, and butane at 110 °C, which is greater than the
critical temperature of ethane (32.3 °C) and propane
(96.7 °C) but less than the critical temperature of butane
(152.1 °C).23-25 The pressures needed to obtain a single
phase decrease by ∼1000 bar as the molecular weight
of the solvent increases from ethane to propane, and it
decreases by another 400 bar going from propane to
butane. Dispersion forces dominate the PE segment-
segment, PE segment-solvent, and solvent-solvent
electrostatic attractive interactions expected for these
nonpolar polymer-solvent mixtures. Hence, the de-
crease in coexistence pressure, or conversely the in-
crease in SCF solvent quality, follows directly from the
increase in polarizability with increasing solvent size.
However, as just noted for the PE-alkane system, the
improvement in SCF solvent quality exhibits a dimin-
ishing returns effect with increasing molecular size of
the solvent. It is the weak solvent quality of low
molecular weight supercritical fluids that make them
unique for exploring the response of the solution mi-
crostructure with changes in the system temperature,
pressure, and density.17

Experimental Section

Materials. Ethane (99.0% minmum purity) is obtained from
Aldrich Chemical Co. for the phase behavior experiments.
High-purity ethane (Scientific Grade, 99.95% minimum purity)
is obtained from MG Industries for the SANS studies, pentane
(n-C5H12) (99.7% minimum purity) is obtained from Fisher
Chemicals, and deuterated pentane-d12 (n-C5D12) (98.0% mini-
mum purity D, 98%) is obtained from Cambridge Isotopes
Laboratories for the phase behavior and SANS studies.

Pamela Wright and Lewis Fetters from Exxon Research and
Engineering Co. synthesized the fully protonated and partially
deuterated poly(ethylene-co-20.2 mol % butene) (h-PEB-10 and
d-PEB-10, respectively) used in this study. The PEB copoly-
mers are produced from anionic polymerization of butadiene
with subsequent saturation by hydrogenation or deuteration
as described in detail elsewhere.26-29 The h-PEB-10 and
d-PEB-10 have approximately 10 ethyl branches per 100
carbon atoms and weight-average molecular weights (MW) of
232 500 and 245 000, respectively, with molecular weight
distributions of 1.01.

The fully deuterated poly(ethylene-co-3 mol % butene) (d-
PEB-2) used in this study, obtained from Polymer Sources,
Inc., has approximately two ethyl branches per 100 carbon
atoms, an MW of 169 000, and a molecular weight distribution
of 1.09. It is produced from catalytic polymerization of deu-
terated 1,3-butadiene (D, g99.8%) and is then fully deuterated
in a D2 atmosphere (D, g99.8%) at 400 psi and 60 °C for 24 h.

Phase Behavior Determination. The experimental ap-
paratus shown in Figure 1 is briefly described here since
details on the high-pressure apparatus and technique are

given elsewhere.30,31 System pressure is determined to within
(3.5 bar with a digital pressure transducer (Viatran Corpora-
tion, model 245) or a Heise Gage (Dresser Industries, model
CM-108952). System temperature is measured and maintained
to within (0.5 °C. The solution in the cell is well mixed with
a magnetic stir bar driven by a rotating external magnet.
Cloud points, reproducible to within (5 bar, are obtained by
decreasing the pressure isothermally until the clear single
phase becomes so opaque that the stir bar is no longer visible.
The mixture critical point is the temperature, pressure, and
polymer concentration where two phases of equal volume are
observed at the transition, which is also accompanied by
reddish-orange opalescence.

Small-Angle Neutron Scattering. Figure 1 also shows the
high-pressure SANS scattering cell used with the view cell.
The polymer solution is well mixed for 1-2 h in the view cell
and is then transferred to the scattering cell using a magneti-
cally driven pump. SANS detector counts are monitored during
the transfer to ensure that the solution in the scattering cell
is a single phase. The scattering cell body, constructed of a
high-strength steel alloy (Nitronic 50), is 9.4 cm long and 7.6
cm o.d.32 The cell is fitted with 1.91 cm o.d. by 1.91 cm thick
sapphire windows ((0.003 cm, General Ruby and Sapphire
Co., Florida) and, based on an unsupported area of 1.27 cm2,
is rated to 6800 bar with a safety factor of 10. The windows
are sealed with elastomeric O-rings in a configuration recom-
mended by Lentz.33 The path length between the inner
surfaces of the windows is adjustable between 0.1 and 0.5 cm
using spacers. Each window is retained by an end-cap with a
30° included-angle cone that allows a neutron beam to exit
the scattering cell at a maximum angle of 15° relative to the
window surface. The solution temperature is measured with
a calibrated type-E thermocouple fitted into a cell port and
connected to a multimeter (Omega Instruments, Inc., model
DP465, accuracy (0.03%). An aluminum band heater with four
resistance heating cartridges and four cooling lines is used to
maintain the cell to within (0.5 °C.

Neutron scattering experiments are performed on the NG-3
30-m SANS spectrometer at the National Institute of Stand-
ards and Technology (NIST) located in Gaithersburg, MD.
Details of the 30 m SANS instrument at NIST are given
elsewhere.34 A neutron wavelength of 5.0 Å (∆λ/λ ) 0.15) is
used with a sample aperture diameter of 0.64 cm. SANS
measurements are performed with five different mixture
critical solutions: 2.2 wt % d-PEB-2 in ethane, 4.6 wt %
h-PEB-10 in pentane-d12, 5.2 wt % total polymer (h-PEB-10
+ d-PEB-10) in pentane-d12, 4.5 wt % h-PEB-10 in pentane-
d12 + 23 wt % ethane (polymer-free basis), and 4.5 wt % total
polymer (h-PEB-10 + d-PEB-10) in pentane-d12 + 27 wt %
ethane (polymer-free basis). An ethane cosolvent concentration
of ∼25 wt % is used here since this level of ethane is expected
to shift significantly the cloud-point pressure of the PEB-

Figure 1. Schematic diagram of the high-pressure equipment
used to obtain phase behavior and SANS data.
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pentane solution, which is a clear indication that the pentane
+ ethane mixture behaves as a hybrid solvent with properties
between those of liquid pentane and supercritical ethane. The
sample-to-detector distance is 6.1 m for the d-PEB-2/ethane
solution to obtain a q range of 0.01 e q e 0.14 Å-1 for q )
4π/λ sin(θ/2) where θ is the scattering angle. For the other
solutions, sample-to-detector distances of 10.55 and 2.55 m are
used to give overlapping q ranges of 0.005 e q e 0.07 Å-1 and
0.02 e q e 0.28 Å-1, respectively.

The measured intensities are corrected for dark-noise
background, detector efficiency, scattering from the empty cell
with sapphire windows, and sample transmission. Intensities
are also corrected for changes in sample path length resulting
from window displacement at high pressures that is measured
directly for each pressure and temperature with a high-
resolution indicator gauge (Starrett Co., model 25-881). The
scattered intensities are radially averaged and converted to
an absolute differential scattering cross section per unit
volume, dΣ/dΩ (cm-1), using cross-section calibration standards
of silica and water for the low and high q ranges, respectively.

The incoherent scattering contribution can be estimated
using experimentally measured sample transmissions and
bound coherent and incoherent cross sections35-37 with element
and isotope neutron scattering cross sections from Sears.38

However, calculated sample transmissions are always slightly
greater than experimentally determined transmissions for
each system considered here. Maconnachie argues that the
effective cross section is a strong function of temperature and
wavelength, which is problematic for the experiments reported
here since elevated temperatures of 130 and 150 °C are used
to avoid PEB crystallization. Since the temperature depend-
ence of the total cross sections for each semidilute solution is
unknown, incoherent background scattering for each sample
is determined from the solution scattering at high q values
assuming the incoherent scattering is isotropic.

As a check of this assumption, high-q incoherent back-
grounds for d-PEB-2 in ethane are compared to the incoherent
backgrounds obtained from pure ethane scattering at the same
pressure and temperature. The absolute differential scattering
cross section per unit volume for pure ethane at 130 °C does
not depend on q over the entire range investigated, but the
scattering intensity does increase with increasing pressure (or
density), as expected. The incoherent background is subtracted
from the solution scattering after correcting for the concentra-
tion of the polymer and pure ethane density to obtain the
scattering from the polymer.39 The estimated incoherent
background scattering is similar but not exactly equal to the
incoherent background obtained from solution scattering at
high q values. This discrepancy may be due to a nonnegligible
incoherent scattering contribution from the fully deuterated
polymer at semidilute concentrations.36 Therefore, scattering
data are analyzed using incoherent background scattering
obtained at q values out to 0.28 Å-1 for h-PEB-10 and d-PEB-
10 in pentane-d12 and in pentane-d12 plus ethane mixtures.

Results

Phase Behavior Measurements. Figure 2 shows
that the cloud-point curves for h-PEB-10 in pentane and
in pentane-d12 are at quite modest pressures. Both
cloud-point curves, also termed lower critical solution
temperature (LCST) curves, intersect the liquid-liquid-
vapor (LLV) curve at ∼107 °C, and the slopes of both
curves are similar to those reported for binary mixtures
of PE in pentane40-44 and for poly(isobutylene) in alkane
solvents.45 The slope of the LCST curve with deuterated
pentane is slightly larger than that with protonated
pentane, which means it takes slightly higher pressures
to obtain a single phase with the deuterated solvent.
Increased cloud-point pressures are expected since
replacing hydrogen with deuterium affects the magni-
tude of the intermolecular pair potential energies (Γ)
and the interchange energy of mixing polymer segment

(i)-solvent (j) pairs, ω, given by

where z is the coordination number or the number of
solvent-segment pairs. Rabinowich46 shows that the
magnitude of dispersion interactions decreases when a
deuterium is substituted for hydrogen since the shorter
C-D bond length compared to a C-H bond reduces the
segment volume and the segment polarizability. In
addition, Bates and co-workers47-49 also show that
isotopic labeling causes nonideal behavior for mixtures
of high molecular weight polymers.

Figure 3 shows the cloud-point curves for h-PEB-10
in pentane-d12 and in a mixture of pentane-d12 + 23 wt
% ethane and for d-PEB-2 in pure ethane. The LCST
and the upper critical solution temperature (UCST)
curves merge when 23 wt % ethane is added to the
h-PEB-10/pentane-d12 mixture, and the composite
UCST-LCST curve is located at ∼200 bar higher
pressures than the h-PEB-10/pentane-d12 curve. With
pure ethane, the cloud-point pressures are in excess of
1000 bar at temperatures from 90 to 150 °C. The
locations of the curves shown in Figure 3 are more
directly related to the difference in the solvent quality
of supercritical ethane relative to liquid pentane rather
than to the modest differences in the molecular weight,
degree of chain branching, or polymer concentration in
solution.32 The macroscopic phase behavior demon-
strates that supercritical ethane is a very weak solvent

Figure 2. Comparison of the phase behavior of ∼5.0 wt %
h-PEB-10 in pentane (open circles) and pentane-d12 (closed
circles). Bubble points (closed squares) are determined experi-
mentally, and the critical point of pentane (open square) is
obtained from the literature.63

Figure 3. Comparison of the phase behavior of ∼5.0 wt %
h-PEB-10 in pentane-d12 (closed cirlces) and in pentane-d12 +
23 wt % ethane (open circles) and the phase behavior of 2.4
wt % d-PEB-2 in ethane (closed squares).

ω ) z[Γij(r,T) - 1
2
(Γij(r,T) + Γij(r,T))] (1)
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for h-PEB-10 relative to liquid pentane. More detailed
information on solvent quality is obtained by probing
the microstructure of the solution with SANS measure-
ments at pressures near and very far from the phase
boundary of the polymer-SCF solvent and polymer-
liquid solvent systems.

Small-Angle Neutron Scattering. Intramolecular
and intermolecular properties of the polymer in solution
defined by Rg and ê, respectively, are determined by
SANS utilizing the high-concentration isotopic labeling
technique.17,50,51 The coherent scattered intensity of an
incompressible solution, I(q), is decomposed into a
contribution from single chain scattering, Is(q), and total
scattering, It(q), according to

where Ss(q) and St(q) are the structure factors of the
single chain and total scattering, N is the total number
density of polymer molecules, and z is the degree of
polymerization. The two contrast parameters K and L
are

where bh and bd are the scattering lengths of hydro-
genated and deuterated polymer units, xh and xd are the
mole fractions of hydrogenated and deuterated chains
such that xd + xh ) 1, and (vp/vs)bs is the scattering
length of the solvent normalized by the ratio of specific
volumes of polymer units (vp in cm3/monomer) to solvent
molecules (vs in cm3/molecule). To determine inde-
pendently single and total chain scattering, two molar
ratios of protonated to deuterated chains are used at
an overall polymer concentration equal to the experi-
mentally determined mixture critical concentration. The
scattering lengths of the elements38 are used to deter-
mine bh-PEB-10, 0.20 × 10-12 cm; bd-PEB-10, 1.68 × 10-12

cm; bpentane-d, 11.33 × 10-12 cm; and bethane, 0.91 × 10-12

cm.
To account for the effect of density on the scattering

intensities, the densities of the polymer-solvent mix-
tures, pure ethane, pure pentane-d12, and the pentane-
d12 + 23 wt % ethane mixture are measured as
described elsewhere.52 Figure 4 shows solution densities
at 130 °C that are very close to the densities of the pure
and mixed solvents. Although the density of the d-PEB-
2-ethane solution does not change significantly at the
experimental conditions investigated here, the incoher-
ent background of pure ethane at the same conditions
is a function of density. Therefore, the d-PEB-2-ethane
scattering intensities are corrected for compressibility
effects by subtracting the density-dependent, incoherent
background scattering.

For (h or d)-PEB-10 dissolved in pentane-d12 and
pentane-d12 + 23 wt % ethane, incoherent backgrounds
obtained at high q are insensitive to pressure (density)
when operating close to the phase boundary and only
slightly sensitive to pressure when operating at high
pressures far removed from the phase boundary. The
lack of sensitivity is not surprising since both the
copolymer and the solvent are very incompressible. The

absolute, coherent, total scattering intensities, It(q),
exhibit a weak dependence on pressure at q greater than
∼0.03 Å-1. When the effect of solution density is
accounted for in parameters Nz2 and (vp/vs) in eq 3, St(q)
collapses to a single curve at high q, independent of
pressure, and approaches zero in the limit of infinite q.
The pressure dependence of the volume of d-PEB-2 and
PEB-10 polymer segments, vp, is estimated using the
Tait equation53 with linear and branched PE param-
eters, respectively.

Total scattering intensities are obtained directly for
solutions with xh equal to one, which forces K to be equal
to zero as given in eq 4. The intermolecular correlation
length, ê(P,T), is determined from a fit of the Ornstein-
Zernike (OZ) equation to the total chain scattering

with S(0) as an adjustable parameter. To check for
uncertainties in the incoherent backgrounds at high q
values, ê(P,T) is also determined from a fit of the OZ
equation to the total scattering intensities, It(q), using
I(0) and a finite baseline as adjustable parameters.
Values of ê(P,T) obtained by both techniques are virtu-
ally identical and agree within the experimental error
of (10% over the entire pressure range investigated.
Figure 5 shows the total scattering and resulting OZ
fits over the low q range for 4.6 wt % h-PEB-10 in
pentane-d12. Similar results are obtained for 2.2 wt %
d-PEB-2 in ethane at 130 and 150 °C and for 4.5 wt %
h-PEB-10 in pentane-d12 + 23 wt % ethane at 130 °C,
respectively. The values of ê(P,T) for each system are
listed in Table 1.

A direct measurement of single chain scattering, Ss(q),
can be obtained from the scattering of a solution with
xh and xd chosen so that the contrast variation param-
eter L equals zero. Ss(q) can also be obtained by
subtracting the solution scattering obtained with xh
equal to one from solution scattering with a nonzero
value of xh for a fixed total polymer concentration.17-20

The d-PEB-10 chains used in the present study are only
partially deuterated, which means it is not possible to
obtain xh and xd values that force L to zero. The
experimental dilemma in this instance is that a higher
amount of d-PEB-10 relative to h-PEB-10 causes a
significant decrease in the signal-to-noise ratio. There-

I(q) ) Is(q) + It(q) (2)

I(q) ) Nz2KSs(q) + Nz2LSt(q) (3)

K ) (bh - bd)
2xhxd (4)

L ) (bhxh + bdxd - (vp

vs
)bs)2

(5)

Figure 4. Densities as a function of pressure for ∼5.0 wt %
h-PEB-10 in pentane-d12 (closed diamonds), in pentane-d12 +
23 wt % ethane (closed squares), and in 2.4 wt % d-PEB-2 in
ethane (closed circles) and the corresponding pure solvents and
the solvent mixture (open symbols) at 130 °C.52 The dashed
lines indicate the location of each solution’s cloud-point pres-
sure.

St(q) )
S(0)

1 + q2ú2
(6)
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fore, to maximize contrast between polymer chains with
an efficient signal-to-noise ratio, a value of xh equal to
0.5 is used with the mixtures of PEB in pure pentane-
d12 and in the pentane-d12 + 23 wt % ethane mixture.

For the SANS studies reported here, h-PEB-2 of
corresponding MW was not available for labeling experi-
ments with d-PEB-2 in ethane, and the contrast be-
tween the partially deuterated d-PEB-10 and protonat-
ed ethane is too low to obtain acceptable scattering
intensities relative to the incoherent background of
ethane. Therefore, single-chain scattering for d-PEB-2
in ethane is extracted from the total scattering intensi-
ties analyzed with the Zimm equation for an arbitrary
concentration:54,55

where c is the concentration of polymer in solution, K′
is the contrast variation parameter, and A2(c) is the ap-
parent second osmotic virial coefficient, which is concen-
tration dependent. From a Zimm plot of [(dΣ/dΩ)(q)]-1

versus q2, A2(c) as a function of pressure is determined
by fitting the scattering data in the limit as q goes to
zero. The values of A2(c) are then used to correct the

scattered intensities for intermolecular interference to
obtain an estimate for Ss(q). Intermolecular interference
is expected to be sensitive to the amount of polymer
chain overlap in solution, which depends on the inter-
molecular distance, r, between polymer molecules as
given by the following estimate:16

where NA is Avogadro’s number. When r is equal to Rg,
c is equal to the overlap concentration, c*. Since the
polymer concentration increases as the pressure in-
creases, the intermolecular distance between chains also
varies from 178 to 172 Å for 2.2 wt % d-PEB-2 in ethane,
from 148 to 134 Å for 4.6 wt % h-PEB-10 in pentane-
d12, and from 143 to 133 Å for 4.5 wt % h-PEB-10 in
pentane-d12 + 23 wt % ethane. Over the same pressure
ranges, the polymer volume fraction, φp ∼ cpvp, only
changes from 0.011 e φp e 0.012 for d-PEB-2 in ethane,
from 0.029 e φp e 0.035 for h-PEB-10 in pentane-d12,
and from 0.032 e φp e 0.040 for h-PEB-10 in pentane-
d12 + 23 wt % ethane. Given that Rg-θ,melt is 185 Å for
d-PEB-2,26,56,57 and c* denotes the crossover from the
dilute to semidilute concentration regime, the d-PEB-
2/ethane system is probed at experimental conditions
near the onset of coil overlap where chains do not
interpenetrate strongly. Hence, intermolecular interfer-
ence between polymer chains should not have a signifi-
cant affect on intramolecular dimensions determined
with the Zimm equation as described previously. How-
ever, since Rg-θ,melt is 205 Å for h-PEB-10,26,56,57 the
PEB-10/pentane-d12 and PEB-10/pentane-d12 + 23 wt
% ethane solutions are predominantly in the semidilute
concentration regime where the isotopic labeling tech-
nique is the more rigorous method for obtaining chain
dimensions. A continuation study is in progress with
fully deuterated PEB-10 in ethane using the high-
concentration isotopic labeling method to confirm the
ethane results reported here.

Once the single chain scattering is obtained, Rg at
each pressure is determined from a fit of the Debye
equation in the low-q scattering range of the data

Figure 6 shows Ss(q) for PEB-10 in pentane-d12 at 130
°C with the corresponding fits of the Debye equation.
The inset in Figure 6 shows the log Ss(q) versus q, which
indicates good agreement of the SANS data and the
Debye equation over the low q range investigated.
Similar trends in Ss(q) are observed for all of the other
solutions. The Rg values obtained for each system as a
function of pressure are listed in Table 2. The Rg values
for the d-PEB-2-ethane system are corrected for mo-
lecular weight polydispersity according to Rg,w

2 )
Rg,z

2 [(1 + u)/(1 + 2u)] where u is equal to the quantity
[MW/MN - 1] and MW/MN equals 1.09. Corrections for
the PEB-10 data are negligible since MW/MN is equal
to 1.01. Rg values determined from the above methods
have an estimated error of (10-15%.

Discussion
Intramolecular correlations as defined by Rg do not

deviate significantly from the unperturbed melt values

Figure 5. Effect of pressure on the total chain scattering,
St(q), for 4.6 wt % h-PEB-10 in pentane-d12 at 130 °C. The
smooth curves are fits of the Ornstein-Zernike equation to
the data.

Table 1. Correlation Length, ê(P,T), Values Obtained
from the Ornstein-Zernike Equation

correlation length, ê (Å)

press.
(bar)

PEB-2 in
ethane

(130 °C)

PEB-2 in
ethane

(150 °C)

PEB-10 in
pentane
(130 °C)

PEB-10 in
pentane +

ethane (130 °C)

75 104
85 90
90 83

105 71
125 60
170 51
340 116
360 84
375 76
410 66
510 48
680 31 40

1175 139
1240 135 123
1355 26 30
1380 107 98
1520 90 83
1725 82 73
2030 25 28
2070 70 67

K′c[dΣ
dΩ

(q)]-1
) 1

MWSs(q)
+ 2A2(c)c (7)

r ) [(4πcNA)
3MW

]-1/3

(8)

Ss(q) ) 2

q4Rg
4
[exp(-q2Rg

2) + q2Rg
2 - 1] (9)

Macromolecules, Vol. 33, No. 17, 2000 Polymer-Supercritical Fluid Solutions 6325



as the critical point of the solution is approached over
the entire pressure range investigated. Figure 7 com-
pares the values of Rg as the critical point is approached
isothermally for d-PEB-2 in ethane at 130 and 150 °C.
The Rg values obtained at each pressure are in excellent
agreement with the unperturbed θ-melt value of 185 Å
for polyethylene obtained from the power law relation-
ship Rg-θ,melt ∼ 0.45MW

0.5.56,57 The trend observed in Rg
is similar to the trends reported for polystyrene in liquid
cyclohexane and in liquid acetone.17-19 Evidently, the
PEB chains experience an environment where a modest
amount of chain overlap in these near-semidilute solu-
tions causes a screening effect, which induces the chains
to mimic meltlike behavior. The PEB/ethane density
does not change significantly over the pressure ranges
investigated and does not impact intramolecular cor-
relations. A better indication of the solvent strength as
a function of pressure is provided by the intermolecular
correlation length, which dramatically increases near
the critical boundary and begins to approach the
magnitude of Rg at pressures near the critical point. The
behavior of ê as a function of distance from the critical
point is also shown in Figure 7 for d-PEB-2 in ethane.
The closest approach to the critical point is ∼50 bar

while the furthest distance from the critical point is
∼1000 bar. As the temperature is increased from 130
to 150 °C, ê decreases slightly although the trend in the
variation in ê with respect to P - Pc is virtually identical
at these two temperatures.

For the d-PEB-2/ethane system there are two ways
to use the SANS data to locate the θ-pressure, Pθ, which
is the demarcation between poor and good solvent
quality.20,58 One way is to extract A2(c) as a function of
pressure from the Zimm analysis applied in the low q
range, near qRg equal to one, and to identify Pθ as the
pressure where A2(c) equals zero, as seen in Figure 8.
For the d-PEB-2-ethane system, Pθ is ∼1330 and
∼1260 bar at 130 and 150 °C, respectively. The other
way to locate Pθ is from a plot of ê versus P and the
relationship16,59

assuming that scattering data are obtained in the low
q region. Melnichenko and co-workers17-20 use this
second method to obtain both Tθ and Pθ for a number
of different semidilute polymer-liquid solutions. For
d-PEB-2, Rg-θ is 185 Å, êθ is therefore 107 Å, and Pθ is
∼1350 and ∼1270 bar at 130 and 150 °C, respectively,
which are very close to the values found from the Zimm
analysis. It is interesting to note that ethane converts
from a θ to a poor solvent at pressures within 155 and
130 bar of the critical point, at 130 and 150 °C,
respectively. The trend observed for A2(c) versus pres-

Figure 6. Effect of pressure on single chain scattering, Ss(q),
for ∼5.0 wt % PEB-10 in pentane-d12 at 130 °C and pressures
of 75 (closed circles), 85 (open circles), 90 (closed squares), 105
(open squares), 125 (closed diamonds), 170 (open diamonds),
680 (closed triangles), and 1355 bar (open triangles). The
smooth curve are fits of the Debye equation, and the inset
shows the variation of log Ss(q) over the low q range.

Table 2. Radius of Gyration, Rg, Values Obtained from
the Debye Equation

radius of gyration, Rg (Å)

press.
(bar)

PEB-2 in
ethane

(130 °C)

PEB-2 in
ethane

(150 °C)

PEB-10 in
pentane
(130 °C)

PEB-10 in
pentane +

ethane (130 °C)

75 198
85 216
90 211

105 194
125 186
170 195
360 197
375 192
410 186
510 221
680 203 229

1175 188
1240 175 195
1355 208
1380 188 185
1520 184 186
1725 196 188
2030 226
2070 191 190

Figure 7. Changes in Rg (circles) and ê (squares) for 2.2 wt
% d-PEB-2 in ethane at 130 (closed symbols) and 150 °C (open
symbols) as a function of pressure distance to the critical point.
The solid curves are power law fits of the data.

Figure 8. Variation in the second osmotic virial coeffecient,
A2(c), as a function of pressure distance to the critical point
for 2.2 wt % d-PEB-2 in ethane at 130 (closed circles) and 150
°C (open circles).

êθ ∼ Rg,θ

x3
(10)
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sure in Figure 8 indicates that solvent quality slowly
increases as pressure is increased above the θ-point. It
is important to recognize that eq 10 only provides an
estimate of the demarcation between θ and poor solvent
regimes within the limits of the experimental data. The
trend in A2(c) as a function of pressure for the PEB/
ethane mixtures is similar to that observed for poly-
(isobutylene) in 2-methylbutane and polystyrene in
2-butanone obtained by Gaeckle and Patterson using
high-pressure static light scattering.60 Gaeckle and
Patterson suggest that A2(c) should increase with pres-
sure for solutions in which the free volume contribution
to the conformational entropy of mixing dominates
solution miscibility when intermolecular interactions
between polymer segments and solvent molecules are
closely matched.

Figure 9 shows that Rg and ê exhibit similar behavior
for PEB-10 in pentane-d12 and in pentane-d12 + 23 wt
% ethane as compared to the behavior observed with
d-PEB-2 in ethane. For the PEB-10 solutions, Rg is
similar to the unperturbed value of 205 Å found from
Rg-θ,melt ∼ 0.42MW

0.5.26 The trends in Rg and ê shown in
Figure 9 appear to be universal in the case of liquid and
SCF solvents since they have been observed for a variety
of semidilute polymer solutions involving liquids,17-19

supercritical CO2,20 supercritical ethane, and a super-
critical pentane + ethane mixed solvent. However, a
closer examination of the intermolecular correlation

length shows that there is a dramatic difference in
solvent quality between a liquid and a supercritical
fluid. Figure 10 shows ê as a function of the pressure
distance to the critical pressure for the three PEB/
alkane solutions at 130 °C. The correlation length is
larger in the SCF solvent than liquid solvent and
remains larger at very far pressure distances from the
boundary. This difference in magnitude of ê between
each solution shows that the copolymer solution exhibits
larger concentration fluctuations at distances hundreds
of bar from the boundary in the SCF solvent that are
not seen in the liquid solvent. The inset to Figure 10 is
a log-log plot of the reduced correlation length, ê/êθ,
versus the reduced pressure, Pr ) (P - Pc)/Pc, which
shows the three solutions collapse to a single power law
curve for this family of poly(olefin)-alkane mixtures.
A broader range of polymer systems must be investi-
gated before definitive statements can be made about
this interesting behavior.

It is important to note that the d-PEB-2/ethane
mixture critical concentration is lower than the PEB-
10/pentane-d12 and PEB-10/pentane-d12 + 23 wt %
ethane mixture critical concentrations, which results in
a slightly lower polymer volume fraction. For a good
solvent, the static correlation length for a semidilute
solution is expected to increase with decreasing volume
fraction according to the relationship15,61,62

where φ is the polymer volume fraction. Using eq 11 to
correct the d-PEB-2/ethane ê values at high pressure
accounts for approximately 80% of the difference in ê
between the d-PEB-2/ethane and PEB-10/pentane-d12
mixtures. It is not apparent that eq 11 should be applied
here since ethane does not appear to exhibit good quality
solvent behavior as compared to pentane at the high
pressures studied and since the d-PEB-2/ethane mixture
critical concentration is near the dilute regime according
to eq 8. In addition, the relationship in eq 11 has only
been experimentally proven for a limited number of
polymers in incompressible liquid solvents.16,61,62 Cor-
rections to ê are not considered in the interpretation of
the scattering data presented here; continuation SANS
studies are in progress to elucidate the behavior of ê as
a function of pressure, temperature, and polymer con-

Figure 9. Changes in Rg (open circles) and ê (closed circles)
for (A) d-PEB-2 in ethane, (B) PEB-10 in pentane-d12 + 23 wt
% ethane, and (C) PEB-10 in pentane-d12 at 130 °C as a
function of pressure distance to the critical point. The solid
curves are power law fits of the data.

Figure 10. Variation of the correlation length, ê, on approach
to the critical point at 130 °C for d-PEB-2 in ethane (closed
circles), PEB-10 in pentane-d12 + 23 wt % ethane (open circles),
and PEB-10 in pentane-d12 (closed squares). The solid curves
are power law fits of the data. The inset shows a log-log plot
of reduced correlation length ê/êθ versus reduced pressure, Pr
) (P - Pc)/Pc, with the corresponding power law, ê ∼ êθPr

-υ,
fit to all data with the scaling exponent, υ, equal to ∼0.31.

ê ∼ φ
-0.75 (11)
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centration for polymer-SCF solutions. It is interesting
to note the behavior shown in the inset of Figure 10 does
not occur if ê is corrected for the effect of polymer volume
fraction.

The difference in ê for supercritical ethane and liquid
pentane as a function of pressure indicates that ethane
is weaker solvent than pentane when compared at
equivalent distances in pressure to their respective
phase boundaries. Similar conclusions are reached if ê
is plotted versus the relative density difference to the
critical point or if the scattering at zero angle is plotted
versus the relative pressure distance to the critical
point. Since the scattering at zero angle, which is
directly proportional to the osmotic compressibility,55 is
much larger for ethane than pentane, these data suggest
that supercritical ethane is a weak solvent as reflected
by the large concentration fluctuations occurring at 1000
bar from the phase boundary. On approach to the phase
boundary, 1/St(0) goes to zero as expected and predicts
a critical pressure for each solution within (20 bar of
the experimental observed values obtained from mac-
roscopic phase behavior measurements. The difference
in solvent quality between supercritical ethane, pentane
plus ethane, and liquid pentane is clearly seen in Figure
11 which compares the magnitudes the poor solvent
quality regime defined as the pressure range between
the θ and critical points. The values of Pθ are deter-
mined from eq 10 and a plot of ê versus pressure. The
poor solvent quality regime extends to 155 bar in
ethane, 35 bar in pentane-d12 + 23 wt % ethane, and
10 bar in liquid pentane-d12. Figures 10 and 11 suggest
the transition from good to θ to poor solvent quality is
sharp in liquid pentane whereas the transition in
supercritical ethane is less pronounced since intermo-
lecular correlations never reach the values found in
liquid pentane, even at 2000 bar. These scattering
results are surprising since it strongly suggests that
operating in a clear, single-phase region does not ensure
that the polymer is uniformly dispersed in the SCF
solvent. A more detailed investigation of polymers in
liquid versus supercritical fluid solvents is currently
being conducted to confirm results presented here and
to probe more complex solution behavior than that
exhibited by these model nonpolar poly(olefin)-alkane
mixtures.
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