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a b s t r a c t

By using in-situ neutron reflectivity, we have investigated swelling isotherms of solvophilic and sol-
vophobic end-grafted/non-grafted polymer chains on solid substrates in supercritical carbon dioxide and
supercritical ethane. It was found that anomalous expansion of the polymer chains associated with
excess absorption of the fluid molecules occurs in the large compressible regions of both supercritical
fluids (SCFs) regardless of the polymerefluid interactions. In addition, we found that the excess
expansion of the solvophobic polymer chains in both SCFs collapse onto one master curve under the
same magnitude of density fluctuations in the fluids. A simple thermodynamic two-state model along
with the experimental results proposes that polymer chains are expanded independently of the polymer
efluid interactions to further change solvent density fluctuations around the polymer chains, thereby
lowering the free energy of the polymer/SCF systems.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

What makes supercritical fluids (SCFs) novel solvents is the
formation of a local solvent density inhomogeneity around a solute.
Thus the local solvent density is enhanced from the average bulk
density when the solventesolute interaction is favorable and
depleted in cases of unfavorable interactions [1]. Kim and Johnston
have first demonstrated that the local solvent density is highest in
the region of the highest compressibility near the critical points of
various SCFs [2]. Near the critical point, microscopic thermal fluc-
tuations of molecules become strongly correlated, leading to large-
scale, coherent density fluctuations [3]. Since the isothermal
compressibility ðkT Þ is directly related to long-range density fluc-
tuations in SCFs, the highest compressibility region corresponds to
the region with the largest density fluctuations, known as “density
Engineering Program, Stony
. Tel.: þ1 (631) 632 8485;

ax: þ81 (532) 48 5588.
ga), sumi@tut.ac.jp (T. Sumi).

All rights reserved.
fluctuation ridge” in a SCF state [4]. The ridge emanates from the
critical point where the amplitude of the density fluctuations
diverges and separates the more liquid-like and more gas-like
regions in the supercritical region [4,5]. In the region below the
critical point, the ridge corresponds to the vapor line. In the
supercritical region, there is a memory of the vapor line; that is the
ridge. This ridge is not only specific to CO2. It is a general feature for
substances, such as H2O, CF3H, Ar and Hg [5]. It is also known that
the ridge corresponds to a maximum or minimum of thermal
conductivity [6], sound velocity [7], and partial molar volumes
[8,9]. In addition, the rate constants or equilibrium constants of
various chemical reactions in SCFs show maxima, minima or
inflection points at the ridge [9].

So far, only few theoretical [10] and numerical simulation [11,12]
results have been reported on a thermodynamically stable confor-
mation of a single polymer chain in such solvation structures. Dua
and Cherayil [10] showed that on approaching the liquidevapor
critical point, a polymer chain first collapses and then subsequently
returns to its original dimensions, which is qualitatively consistent
with the Brochard and de Gennes’s prediction for a polymer chain
in a binary solvent mixture near the critical point [13]. On the other
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hand, multiscale simulation [14,15] predicted excess expansion of
a single polymer chain in a SCF regardless of soluteesolvent
interactions when the solvent’s compressibility becomes larger.
Sumi et al. proposed that an increase in the local solvent density
around a solvophilic polymer chain or the formation of a large
correlation hole around a solvophobic polymer chain (i.e.,
excluding the fluid molecules around the polymer chain) is induced
and the polymer chain in the solvation structures is anomalously
expanded as a thermodynamically stable state [14,15]. This
expansion causes additional large solvent density fluctuations
around the polymer chain over a large area compared with the
correlation length of the solvent molecules, thus lowering the free
energy of a SCF/polymer system [1].

On the other hand, by using a in-situ neutron reflectivity (NR)
technique, we have previously revealed that concentrated deuter-
ated polystyrene (d-PS) chains grafted on Si substrates (i.e., poly-
mer brushes) show anomalous expansion in the vicinity of the
density fluctuation ridge of supercritical carbon dioxide (scCO2, the
critical point is Tc ¼ 31.3 �C and Pc ¼ 7.38 MPa) [16]. In addition, the
volume fraction profiles of the d-PS brushes within the entire
pressure range (0.1 MPa < P < 20 MPa) could be approximated by
a simple step function, indicating that the solvent quality of scCO2
for d-PS is still poor even at the ridge condition. Moreover, the
pressure dependence of the brush heights including near the
density fluctuation ridge condition is exactly identical to the linear
dilation (in the direction normal to the surface) isotherm of spin
cast (non-grafted) d-PS thin films in scCO2 [17,18]. Consequently, it
is reasonable to say that the anomalous swelling of various spin cast
polymer thin films reported [17e20] is attributed to the excess
expansion of polymer chains themselves rather than the presence
of an adsorption layer of CO2 molecules on the film surface (a few
nanometer in thick) predicted by Wang and Sanchez [21].

Motivated by the previous theoretical work [14,15], the present
study aims to establish generality of the excess expansion of
polymer chains in SCFs. Here we show that the anomalous
expansion occurs near the density fluctuation ridges of scCO2 and
supercritical ethane (scC2H6, Tc ¼ 32.4 �C, Pc ¼ 4.9 MPa) regardless
of their miscibility with polymers. In addition, we found that the
excess expansion of solvophobic polymer chains in both SCFs
collapse onto one master curve under the same magnitude of
density fluctuations in the fluids. Moreover, the magnitude of
density fluctuations, where the excess expansion of the polymer
chains takes place, is in good agreement with that predicted for
a single polymer chain [14,15]. It is therefore anticipated that the
origin of the anomalous expansion of the concentrated polymer
chains in the present study is also the formation of the unique
solvation structures depending on the polymerefluid interactions.
In order to further understand the mechanism of the anomalous
expansion of the polymer chains, we introduce a simple two-state
model which is phenomenologically similar to the one for protein
folding to determine the conformational stability of a molecule
originally proposed by Anson [22]. This two-state model, which
assumes that polymer chains belong to only two thermodynamic
states (an excess swollen state and non-excess swollen state),
along with the experimental data suggests that the strength of the
excess absorption of the fluid molecules into a polymer matrix is
altered (stronger or weaker) across the density fluctuation ridge
independently of the polymerefluid interactions. Furthermore,
the model points to a significant volume change of the entire
system between the two states at the ridge condition, suggesting
the emergence of a large change in the compressibility. Hence, this
supports the aforementioned mechanism that the large change in
the compressibility induced by the excess expansion of polymer
chains is also essential for stabilizing the free energy of the
concentrated polymer chains in SCFs.
2. Experimental section

2.1. Materials

In order to provide a better understanding of the anomalous
expansion of polymer chains, the following two polymer systems
were chosen: (i) a solvophilic (or “CO2-philic”) polymer brush, in
which one end of polymer chains is chemically grafted to a solid
substrate, such that we can directly discuss chain conformations
even in a good solvent; (ii) non-grafted solvophobic polymer chains
in the two different SCFs with nearly identical solvent qualities
with the polymer. Note that the anomalous expansion of end-
grafted and non-grafted polymer films has been proven to be
identical [16]. For the system (i), an amorphous poly{2-(per-
fluorobutyl)ethyl acrylate} (PFA-C4, Mw ¼ 304,000, Mw/Mn ¼ 1.3)
brush was prepared by surface-initiated atom transfer radical
polymerization (ATRP) [23] on a Si substrate (8-mm thickness and
75-mm diameter) for the NR study. The PFA-C4 polymer brush, for
which the perfluoroalkyl chains have goodmiscibility with CO2, has
a high enough neutron scattering length density (SLD) contrast
such that deuterium labeling was not necessary. The thickness of
the unswollen PFA-C4 film, which was dried in a vacuum oven for
2 h at 120 �C in order to remove the solvent used for the poly-
merization, was determined to be 585 Å by using a spectroscopic
ellipsometer (Nippon Laser & Electronics Lab.) (assuming index of
refraction ¼ 1.36) and further confirmed by NR experiments. This
thickness corresponds to a grafting density of 2.1 �10�3 chains/Å2.
For the system (ii), deuterated polybutadiene (d-PB,Mw ¼ 240,000,
Mw/Mn ¼ 1.05, Polymer Source Inc.) films were spun cast from
toluene solutions onto HF etched Si substrates and then dried in
a vacuum oven for 4 h at 120 �C to relax strains induced in the
spinning process. The original thickness of the d-PB filmswas about
350 Å determined by a spectroscopic ellipsometer (Rudolph Elec-
tronics, AutoEL-II) equipped with a HeeNe laser (assuming index of
refraction ¼ 1.42) and NR. The d-PB films were exposed to scCO2
and scC2H6 (both of which are poor solvents within the pressure
range used in this study) and its swelling behavior was character-
ized by NR as a function of temperature and pressure. Note that
ethane dissolves PB when the pressure is high enough (w100MPa),
while CO2 does not dissolve PB regardless of pressure (up to
300 MPa) and temperatures (up to 200 �C) [24]. However, as dis-
cussed below, ethane is a poor solvent for PB within the pressure
range used in this study.

2.2. Neutron reflectivity (NR) measurements

Specular reflectivity measurements were performed on the NG7
neutron reflection spectrometer at the National Institute of Stan-
dards and Technology (NIST) with a wavelength (l) of 4.76 Å and
a Dl/l of 2.5%. A high pressure cell used for NR measurements was
designed and built by the High Pressure Equipment Co. (PA, USA)
and was identical to the one previously described elsewhere [18].
Temperature of the system was controlled with an accuracy of
�0.1 �C and the stability of each pressure during the measurements
was less than � 0.2%. The NR experiments were conducted under
the respective isothermal conditions (T ¼ 36 �C for CO2 and
T ¼ 37.2 �C for C2H6) with elevated pressures up to P ¼ 21 MPa in
order to compare the swelling behavior under the same magnitude
of density fluctuations in both SCFs, as described below. The films
were exposed to CO2 or C2H6 for up to 4 h prior to data acquisition
in order to ensure that equilibrium swelling was achieved. Datawas
obtained both by successively increasing the pressure and then
slowly decreasing the pressure. The results were identical, indi-
cating that all the swelling isotherms were reversible with pressure
and temperature. Since the background scattering from pure CO2
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and C2H6 phases increased dramatically near the critical points, we
measured the scattering from the pure fluid phases (i.e., the long-
range density fluctuations) for each pressure condition. The NR
data corrected for the background scattering was analyzed by
comparing the observed reflectivities with the calculated ones
based on model scattering length density (SLD) profiles. The SLD
profiles were subsequently converted to the corresponding poly-
mer volume fraction profiles. Assuming that the concentration of
the mixture is homogenous through the entire film, the SLD value
of the polymer/SCF system is defined by

SLDmixðzÞ ¼ SLDpolymer � 4ðzÞ þ SLDSCF � ð1� 4ðzÞÞ (1)

where SLDmix is the SLD value of the mixture at a distance z from
the substrate, SLDpolymer, and SLDSCF are the pure component SLDs
of the polymer thin films and CO2, respectively, and 4ðzÞ is the
volume fraction of the polymer at a distance z from the substrate.
The density of CO2 dissolved in the polymers was taken to be
0.956 g/cm3 since the molar volume of CO2 within the polymer can
be much different from the molar volume of the bulk CO2 [25]. To
ensure conservation of mass, the volume fraction profiles were
calculated such that the same amount of the polymer chains
remained at all solvent concentrations.
1.5
3. Results and discussion

Fig.1(a) shows representative NR profiles for the PFA-C4 brush at
the four different pressures at T ¼ 36 �C; the reflected intensity is
plotted as a function of the momentum transfer normal to the
surface, qz ¼ 4 psinq/l, where q is the glancing angle of incidence
and l is the neutronwavelength (4.76 Å). The solid lines correspond
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Fig. 1. (a) Representative NR curves (circles) for the PFA-C4 brush at different CO2

pressures. Consecutive reflectivities have been offset from each other for clarity. The
solid lines correspond to the calculated reflectivities based on the volume fraction
profiles of the PFA-C4 brush shown in (b).
to the best-fits to the data based on the volume fraction profiles of
the polymer chains, 4ðzÞ, shown in Fig. 1(b). The profiles of the PFA-
C4 brush film were generated from the self-consistent field calcu-
lation [26,27]:

4ðzÞ ¼
(
4s

h
1� ðz=hÞ2

ia
; z < h

0; z>h
(2)

where 4s is the polymer volume fraction at the silicon oxide
surface, h is the cutoff thickness of the profile, and a is the “profile
exponent”, which is a measure of the solvent quality. In addition,
a tail was introduced to fit the data by convoluting eq. (2) with
a normalized Gaussian function having a full width at half
maximum D (tail width) in a region spanning nearly� 2D about the
cutoff length [28]. In the limit of infinitely long chains [26,27], the
values, a ¼ 1 (a parabolic shape) for a good solvent, a ¼ 0.5 for a q

solvent, and a ¼ 0 (a step function) for an extremely poor/non-
solvent, are predicted. As shown in Fig. 1(a), good fits to the data
were obtained with uniform concentrations in the polymer layer
without any preferential adsorption of either CO2 or polymer at the
Si substrate. The thickness of the layer, which was initially 585 Å,
increased to 1117 Å at P ¼ 8.2 MPa and then further increased to
1420 Å upon compression to P ¼ 20.8 MPa.

Fig. 2(a) shows the linear expansion of the brush calculated by
the equation, lh ¼ (h1 � h0)/h0, where h1 and h0 are the measured
heights of the swollen and unswollen polymer brush film,
respectively. From the figure we can see that the lh values increase
0.8

0.4

0.0

1.0

0.5

0.0

l h

 PFA-C4

200

150

100

50

(Å
)

20151050
Pressure (MPa)

a

c

b

Δ

Fig. 2. Pressure dependences of (a) the linear expansion (lh), (b) the profile exponent
(a), and (c) the tail width (D) of the swollen PFA-C4 brush in CO2 obtained by the best-
fits of the calculated reflectivities based on eq. (2) in the text to the observed reflec-
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films in both SCFs. In the inset, the volume fraction profile at the ridge condition of
C2H6 is shown. (b) Excess swelling (le) of the d-PB thin films in CO2 and C2H6 are shown
along with density fluctuations in both SCFs.
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up to 1.4 and the volume fraction profiles change to nearly
parabolic shapes at high pressures (i.e., a w 1) as shown in
Fig. 2(b), indicating that the solvent quality of scCO2 for the PFA-
C4 brush is improved significantly as pressure increases. This is
further confirmed by the variation of the tail width (D) (Fig. 2(c)).
The width between the polymer and CO2 layers, which was
initially 50 Å at atmospheric pressure, increased up to almost
200 Å at P ¼ 20.8 MPa. At the same time, a noticeable anomalous
peak is present in lh near the density fluctuation ridge
(Pridge ¼ 8.2 MPa at T ¼ 36 �C for CO2) [4] where excess swelling of
not only “CO2-phobic” spin cast (non-grafted) polymer thin films
[17e20] but also the CO2-phobic d-PS brush [16] has occurred.
Hence, the present NR results clarify that polymer chains are
anomalously expanded in scCO2 irrespective of their miscibility
with scCO2, as predicted for a single polymer chain in a SCF
medium [14,15]. In addition, we found the a value at the ridge is
close to 0.5, indicating that scCO2 becomes a q-solvent for the PFA-
C4 brush at the ridge. It should be also noted that the width of the
brush tail at the ridge (D ¼ 120Å) is in good agreement with that
for the PS brush at the q temperature in deuterated cyclohexane
(Dw130Å) [28].

Next, we aim to further extend the generality of the anomalous
expansion of polymer chains by comparing the two SCFs. To extract
the role of the long-range density fluctuations in the anomalous
expansion, we used spin cast d-PB polymer films, which have poor
miscibility with both SCFs, and mimicked the magnitude of the
density fluctuations in both SCFs by using the scaled T and P
conditions [29]. As shown in Fig. 3, this mimic was confirmed by
our calculations using the following equation:D
DN2

E.
hNi ¼ ðN=VÞkTkBT (3)

whereN is the number of molecules in the corresponding volume V,
kT is the isothermal compressibility, and kB is the Boltzmann
constant. For this study, the kT values were calculated using the
modified Benedict-Webb-Rubin equation of state for ethane [30]
and the empirical equation of state derived by Huang et al. for
CO2 [31]. We also confirmed that the linear dilation of the spin cast
d-PB films was exactly identical to the linear expansion of end-
grafted d-PB brushes in both SCFs. The details of the swelling
behavior of the d-PB brushes will be described elsewhere.

Fig. 4(a) shows the pressure dependence of the swelling
isotherms for the spin cast d-PB thin films at T ¼ 36 �C for CO2 and
T ¼ 37.2 �C for C2H6 (both conditions correspond to T/Tc ¼ 1.15)
measured by NR. The experimental data for the d-PB thin films
were analyzed by comparing the observed reflectivities with
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Fig. 3. Calculated density fluctuations in CO2 and C2H6 vs. scaled pressure by Pc at
T ¼ 1.15Tc.
calculated ones based on a hyperbolic-tangent model density
profile [32], since, as shown in the inset of Fig. 4(a), the volume
fraction profiles of the d-PB thin films in both CO2 and C2H6 could
be approximated as a step function (i.e., a ¼ 0 in eq. (2)) at all the
experimental conditions. This indicates that the solvent qualities of
both SCFs for d-PB are poor even at the density fluctuation ridge.
The linear dilation (in the direction normal to the surface) of spin
cast d-PB films was calculated by the equation, lf ¼ (L1 � L0)/L0,
where L1 and L0 are the measured thickness of the swollen and
unswollen polymer thin films, respectively. From the figure we can
see that the magnitude of the anomalous swelling maximum at the
ridge of C2H6 (Pridge ¼ 5.4 MPa) was much higher (lf ¼ 1.2) than that
at the ridge of CO2 (lf ¼ 0.8). However, this is attributed to the
difference in the “inherent” swelling (related to the bulk misci-
bility) of the d-PB films (indicated by the dotted lines) in both SCFs,
as shown in Fig. 4 (a). The dotted lines in the figure correspond to
the “non-excess (bulk)” swelling in both CO2 and C2H6 (lb) simu-
lated by pressing a 1-mm thick disk of brominated poly{isobu-
tylene-co-(p-methylstyrene)} (BIMS) directly onto the d-PB thin
film [17]. Since the anomalous dilation is a surface effect which
occurs only within w10 Rg (Rg is the radius of polymer gyration) of
the polymer/CO2 interface [17], the BIMS layer, which was not
deuterated for the NR experiments, served as a “cap” for the bottom
d-PB film to eliminate the anomalous dilation. The excess swelling
(le) values, which were obtained by subtracting lb from the linear
dilation data (lf), are plotted in Fig. 4 (b). We can see that the
magnitudes of the excess swelling of the d-PB thin films in both
SCFs are almost identical each other and follow the locus of the
density fluctuations in both SCFs when superimposed by the scaled
temperature and pressure. Consequently, the NR results elucidate
that the excess expansion of the solvophobic polymer chains
occurs regardless of SCF choices and can be scaled with the
magnitude of the density fluctuations in both SCFs. In addition, we
found that the excess swelling appears in the compressed region of
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0.7 � P/Pc � 1.65 in both SCFs, which corresponds to hDN2i=hNi �
1:5 ðhDN2i=hNi ¼ 1:0 for an ideal gasÞ. According to a previous
report [4], hDN2i=hNi of 1.5 is equivalent to a correlation length of
5Å for pure SCFmolecules. Interestingly, this correlation length is in
good agreement with theoretical work in which an anomalous
expansion of a single solvophobic polymer chain occurs due to the
local solvent density inhomogeneity in a SCF [14,15]. Hence, this
consistency may lead to the conclusion that the origin of the
anomalous expansion for the present experimental results and the
previous simulation results on a single polymer chain is identical: it
is attributed to the increase in the local solvent density around
solvophilic polymer chains or the formation of a large correlation
hole around solvophobic polymer chains. Within such solvation
structures, polymer chains are expanded as a thermodynamically
stable state so that additional large changes in solvent density
fluctuations around the polymer chains are induced, thus lowering
the free energy of the entire SCF/polymer system [14,15].

In order to further understand the mechanism of the anomalous
expansion driven by long-range density fluctuations in SCFs, we
propose a simple thermodynamic model which assumes that
polymer chains belong to only two thermodynamic states, i.e., the
excess swollen state (denoted by E) and non-excess swollen state
(denoted by N). Similar two-state model has been widely used to
determine the conformation stability of a protein molecule during
the process of unfolding by gradually changing its environmental
conditions [22]. Polymer chains may undergo the transition
between the E and N states according to a simple kinetic model,

N#E (4)

with rate constants kN and kE for the collapse of polymer chains and
for the expanding of polymer chains, respectively. The difference in
the Gibbs free energy between the E andN states is defined as DG ¼
GE � GN and the total differentiation is then given by

dðDGÞ ¼ dPDV � dTDS; (5)

where DV ¼ VE � VN and DS ¼ SE � SN are the changes in the
volume and entropy of the entire system due to the anomalous
expansion, respectively. DG is related to the equilibrium constant,
KeahkE=kN ¼ XE=XN via DG ¼ �kBTlnKea, where XE and XN ¼ 1�
XE are probabilities of the E and N state, respectively. Since the NR
technique is not suitable for time-resolved experiments to measure
the kinetic rates under the T and P conditions of interest, we esti-
mated the probabilities based on the experimental swelling data.
To convert the swelling data into the probabilities, the following
assumptions were made: the observed excess expansion can be
decomposed into a weighted average of the two states,

le ¼ XEl
max
e þ ð1� XEÞlmin

e ; (6)

where lmax
e and lmin

e correspond to the le value for the E and N state,
respectively. The other assumption is that only the E state
contributes to the excess expansion (i.e., lmin

e ¼ 0) and at the
density fluctuation ridge all chains belong to the E state (i.e., XE¼ 1)
such that lmax

e corresponds to the le value. With these assumptions,
DG can be then simplified as follows:

DG ¼ �kBTln
�
le=

�
lmax
e � le

��
: (7)

Fig. 5 shows the pressure dependence of DG and
DV ¼ ðvDG=vPÞT calculated by the experimental le values shown in
Fig. 4. As expected, DG becomes negative (andminimum) at around
the ridge. The more important point is that DV is negative at the
lower-pressure side of Pridge (¼1.15 Pc) during the pressurization
process, while DV changes sign to positive after passing Pridge. In
other words, the amounts of the excess absorption of SCFmolecules
increases with increasing pressure at P < Pridge and, in contrast,
decreases with increasing pressure at P > Pridge. Hence, this two-
state model proposes that the density fluctuation ridge is
a unique environmental condition on the solvation property of SCFs
for polymer chains: the strength of the excess absorption of the
fluid molecules becomes stronger or weaker across the density
fluctuation ridge independently of polymerefluid interactions,
resulting in the maximum chain expansion at the density fluctua-
tion ridge. Furthermore, the significant change in DV at around the
ridge is indicative of a large difference in compressibility between
the E and N states. This supports the aforementioned mechanism
that a high response of density fluctuations in SCFs to the confor-
mation changes of flexible polymer chains is essential to lower the
free energy of the entire system.

It should be pointed out that while the shapes and loci follow
those of the density fluctuations, there are significant differences in
the excess swelling maximum at the ridge among d-PB (“CO2-
phobic”, le ¼ 0.55), PFA-C4 (“CO2-philic”, le ¼ 0.22) and d-PS (“CO2-
phobic”, lew 0.1 [18]). This is inconsistent with the theoretical work
for a dilute polymer solution [14,15]: The degree of anomalous
expansion is larger as the polymeresolvent interaction becomes
stronger. Rather, our results suggest that the elasticity or hardness
of polymer films plays a crucial role in the magnitude of the excess
swelling maximum for concentrated polymer chains in a density
fluctuating SCF. Further experiments are currently in progress to
clarify this point.

4. Conclusion

We have revealed the generality of excess expansion of
concentrated polymer chains driven by the large density fluctua-
tions in supercritical fluids. It was found that the excess expansion
occurs regardless of the miscibility of supercritical fluids with the
polymers and the magnitude of the excess expansion collapse onto
one master curve when the magnitude of density fluctuations of
the fluids for the solvophobic polymer is fixed. In addition, we have
clarified that the excess expansion appears in the compressed
region of 0.7 � P/Pc � 1.65 in both supercritical CO2 and C2H6. This
region has the magnitude of density fluctuations of more than 1.5
ðhDN2i=hNi � 1:5Þ, which is equivalent to a correlation length of
more than 5Å for pure SCF molecules [4]. The size of the correlation
length is in good agreement with that predicted for anomalous
expansion of a single polymer chain in a SCF [14,15]. This consis-
tency may draw the conclusion that the origin of the anomalous
expansion of the concentrated polymer chains is the additional
large solvent density fluctuations induced by the conformation
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changes too, thereby lowering the free energy of the entire SCF/
polymer system. In order to further understand the mechanism, we
propose a simple thermodynamic model which assumes that
polymer chains belong to only two thermodynamic states (the
excess swollen state and non-excess swollen state). Although the
quantitative propriety of the two-state model or the statistical
mechanics expression of the probabilities for both states is not
quite conclusive yet, the model points to a large difference in the
volume change of the entire system at the ridge condition, indi-
cating the occurrence of large changes in the compressibility. Hence
this supports the previous theoretical work that the large change in
the compressibility induced by the expanded conformation of
flexible polymer chains is key for the thermodynamic stability in
the presence of large solvent density fluctuations.
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