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ABSTRACT: The influence of carbon dioxide sorption on the closed-loop phase diagram of polystyrene-block-
poly(n-pentyl methacrylate) copolymers, PS-b-PnPMA, was investigated. Differential dilation of the constituent
blocks was used to induce microphase separation of the PS-b-PnPMA. With increasing carbon dioxide loading
an appreciable expansion in the size of the closed loop was found. At a carbon dioxide activity of 0.1 the upper
order-to-disorder transition temperature (UODT) was elevated by more than 20°C, whereas the lower disorder-
to-order transition temperature (LDOT) was depressed by the same magnitude. This arises from the entropic
nature of the closed-loop miscibility gap in this weakly interacting system, where microphase separation is driven
by disparity in free volumes between dissimilar segments of the chain.

Introduction

Polymer phase behavior, and specifically that of block
copolymers, continues to be an area of vigorous theoretical1,2

and experimental3 investigation. Many block copolymers (BCPs)
exhibit an order-to-disorder transition (ODT), where nonfavor-
able segmental interactions are reduced with increasing tem-
perature and mixing is favored. Russell and co-workers dis-
covered the lower disorder-to-order transition (LDOT) where,
upon heating BCPs of polystyrene (PS) and poly(n-butyl
methacrylate) (PnBMA), the opposite behavior is observed and
the BCPs microphase separate.4 In a series of publications this
LDOT-type behavior has been found in BCPs of PS with poly-
(n-propyl methacrylate) and mixtures of PS-b-poly(n-alkyl
methacrylates).3,5,6Of particular note in these BCPs is that there
are no strong specific interactions between the segments, as for
example hydrogen bonding, and the transition appears to be
entropic in origin. LDOT behavior has also been described
theoretically by several groups using lattice cluster theory,7

equation of state,8 regular solution,9 and compressible mean-
field approaches.10 Common to each of these approaches is the
entropic origin of the phase transition.

Recently, this picture of BCP phase behavior was expanded
by Ryu et al.11 to include the existence of a closed-loop-type
phase diagram. Closed-loop phase behavior has been observed
in small molecule systems, such as in nicotine and water,12 or
more recently in polymer-solvent systems, such as poly-
(ethylene oxide) and water.13 These systems, however, have
strong specific interactions, like hydrogen bonding, that are
mediated with increasing temperature. The experimental ob-
servations of Ryu et al., however, showed a closed-loop phase

diagram in the polystyrene-block-poly(n-pentyl methacrylate)
(PS-b-PnPMA) where there are no such specific interactions.
Technically, any polymer that exhibits an LDOT should, also,
undergo mixing at even higher temperatures where the combi-
natorial entropy would drive the system back into the phase-
mixed state. However, for most polymers this temperature is
usually inaccessible due to degradation. Dudowicz and Freed
predicted a closed-loop behavior for the polystyrene-block-poly-
(vinyl methyl ether) system using lattice cluster theory;14

however, only a lower critical solution temperature behavior
was observed experimentally.15 Lattice cluster theory also
predicted a closed-loop phase diagram for poly(hh-propylene)/
poly(ethylene-co-butene) blends,16 although this behavior has
not been reported experimentally in the literature. PS-b-PnPMA
was the first known example of a weakly interacting system
exhibiting closed-loop phase behavior, and this phase behavior
has since been observed in weakly interacting blends of poly-
(ethylene-co-styrene) and poly(ethylene-co-butene).17

Most polymers are insoluble in supercritical carbon dioxide,
SC CO2. The exceptions to this rule are fluoropolymers, such
as amorphous Teflon AF,18 polysiloxanes, such as PDMS, and
poly(ether-block-carbonate) copolymers.19 While other classes
of polymers fail to dissolve in SC CO2, they can be swollen.20

Carbon dioxide sorption has a substantial effect on the properties
of the polymer, the most notable of these being the depression
of Tg

21 and the increase of small molecule22 and polymer chain
diffusivity within dilated substrates.23,24 In addition to influenc-
ing transport properties, carbon dioxide sorption increases the
free volume of the swollen polymer. As was mentioned above,
polymer free volume can influence the compatibility of polymer
systems. The influence of SC CO2 on the ODT was explored
by Vogt et al. using polystyrene-b-polyisoprene (PS-b-PI)25 and
polystyrene-block-poly(n-hexyl methacrylate) (PS-b-PnHMA)26
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copolymers, where it was shown that carbon dioxide mediates
segmental interactions and promotes miscibility, similar to the
influence of liquid solvents. Consequently, the ODT was
depressed by as much as 10°C at high carbon dioxide densities.
Lodge and co-workers27,28 showed a depression in the ODT in
PS-b-PI upon swelling with the neutral solvent dioctyl phthalate
(DOP). They found that the dilution approximation, which
assumes the solvent is evenly distributed throughout the block
copolymer, did not hold as predicted by an ODT scaling∼ φ-1.
Rather, they found that the lamellar copolymer ODT∼ φ-1.6

and the cylindrical phase ODT∼ φ-1.4. The underestimation
of the solvent-induced ODT depression was attributed to a
preferential segregation of the solvent to the microdomain
interface. This served to further mediate interactions, favoring
homogenization at lower temperatures. Similarly, the lamellar
PS-b-PI used by Vogt displayed a scaling ofφ-1.3 for similar
molecular weights at large polymer volume fraction.25

A lower disorder-to-order transition in block copolymers is
driven by volumetric (or free volume) disparities between the
blocks. As such, the differential dilation of the components by
CO2 has a pronounced influence on the miscibility of the
components. The first LDOT system studied under compressible
fluids was PS-b-PnBMA by Watkins, Russell, and co-workers.29

It was found that CO2 significantly depressed the LDOT
temperature, promoting microphase separation. Another study
involved the sorption of a series of light alkane solvents in PS-
b-PnBMA. At equivalent volume fractions, sorption of methane
resulted in severe depressions of the LDOT. Similar behavior
was found with ethane, propane, and butane, in decreasing order
of the magnitude of the depression. These results reiterate the
importance of compressibility for the compatibility of systems
exhibiting LCST-type behavior.30 Moreover, while the ODT-
type system PS-b-PnHMA exhibited an ODT depression of 7
°C at 7% volume dilation with CO2, PS-b-PnBMA displayed
an LDOT depression of 70°C at a dilation of only 3% CO2.26

It should be noted that a hysteresis on heating and cooling was
found, likely due to the difference in CO2 sorption in the ordered
and disordered states. Carbon dioxide had to be expelled from
the polymer in passing from the ordered to the disordered state,
thus depressing the transition temperatures upon cooling. Since
the closed-loop phase behavior of PS-b-PnPMA is expected to
be driven by entropy, differential dilation using CO2 swelling
is expected to have a profound impact on the observed phase
behavior.

Experimental Section

PS-b-PnPMAs were prepared by anionic polymerization with a
sequential addition of the monomers in tetrahydrofuran (THF) at
-78 °C in the presence of lithium chloride salt under an inert argon
atmosphere.11,31sec-Butyllithium was used as an initiator. Lithium
chloride (high purity, Aldrich) was dried overnight at 150°C and
dissolved in THF. The THF was dried by refluxing over calcium
hydride and then stirring over a sodium/benzophenone complex
until there was a persistent deep purple color indicative of an
oxygen-free, moisture-free environment. The monomers were
degassed from a calcium hydride solution, and the styrene was
distilled from dried dibutylmagnesium. Then-pentyl methacrylate
monomers were distilled from trioctylaluminum. The polymerization
of the styrene block took∼1 h to reach full conversion, at which
time an aliquot was extracted and the polymerization in the aliquot
was terminated using purified 2-propanol for molecular weight
analysis. Then-pentyl methacrylate component was then slowly
added to the reaction vessel and stirred for∼5 h. After completion
the polymerization was terminated using purified 2-propanol and
precipitated in a 4:1 methanol:water mixture to remove lithium
chloride impurities. The total molecular weights were determined

using size exclusion chromatography (SEC) equipped with multi-
angle laser light scattering (MALLS). Molecular weight distributions
were determined from SEC. The polystyrene (or deuterated
polystyrene)/ poly(n-pentyl methacrylate) block ratios were deter-
mined using nuclear magnetic resonance (NMR). The characteristics
of the polymers used in this study are given in Table 1.

Equilibrium sorption measurements were performed using a
pressure decay method with∼1 g of homopolymer. These measure-
ments were performed as discussed by Koros and Paul.32 The
swelling studies were performed from 40 to 100°C at pressures
from atmospheric to 130 bar.

The form birefringence, characteristic of cylinder and lamellae-
forming block copolymers, was used to determine the location of
the order-to-disorder transition.33 Figure 1 illustrates the experi-
mental geometry. Light, with a wavelength of 632.8 nm, is directed
through an optical polarizer, the sample, an analyzer oriented normal
to the polarizer, and into a photodiode detector to measure the
transmitted intensity. In the disordered state, no light is transmitted,
whereas in the ordered state a form birefringence, arising from the
microdomains of the copolymer, depolarizes the incident light and
light is transmitted. Block copolymer samples were pressed into
an aluminum ring approximately 1.5 mm thick and 8 mm in
diameter. High-pressure birefringence measurements were under-
taken as a means of determining the locations of the UODT and
LDOT temperatures as a function of carbon dioxide activity. A
stainless steel pressure cell equipped with sapphire windows was
used in the experiments over a pressure range from atmospheric to
310 bar. The cell is described in detail elsewhere.23 All measure-
ments were performed at constant CO2 activity, increasing tem-
perature at 0.1°C/min intervals near the transition temperatures.
The sharp increase in detected light intensity indicated the location
of the microphase separation transition.

Results and Discussion

CO2 absorption of the component materials was determined
using the equilibrium pressure decay sorption. The data are
shown in Figure 2 for 45 kDa PS and 20 kDa PnPMA where
the volume fraction of polymer after sorption is plotted as a
function of solvent strength or activity of carbon dioxide. With
increasing carbon dioxide activity the amount of absorbed CO2

increases in both PS and PnPMA. The degree of swelling in
PnPMA, however, is slightly larger, and this disparity increases
with increasing activity such that, at an activity of 1.0, there is
almost 40% more CO2 in PnPMA than in PS. These data were
used to describe the swelling of the diblock copolymer in the
microphase-separated state, where the total extent of swelling
was taken as the arithmetic mean of swelling from each
component weighted by the component volume fractions. These
calculated activities, then, were used in quantifying the effect
of carbon dioxide sorption on the closed-loop phase behavior
of PS-b-PnPMA block copolymers.

Figure 1. Optical birefringence experimental setup for the identification
of transition temperatures in block copolymers used in this study.

Table 1. Polymer Samples Used in This Work

sample description
Mn

(g/mol)
volume

fraction PS PDI

50 kDa symmetric PS-b-PnPMA 48 000 0.50 1.02
50 kDa cylidrical PS-b-PnPMA 49 900 0.42 1.03
40 kDa symmetric PS-b-PnPMA 39 900 0.50 1.02
43 kDa symmetric PS-b-PnPMA 43 000 0.50 1.02
PS homopolymer 45 500 1.00 1.04
PnPMA homopolymer 20 000 0.00 1.03
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Birefringence measurements were performed using both
lamellar (50/50 vol) and cylindrical (42/58 vol) block copoly-
mers having a 50 kDa molecular weight as a function of
temperature and CO2 activity. Figure 3 shows the location of
the LDOT and UODT as a function of carbon dioxide activity
for these two block copolymers. As seen, the size of the closed
loop is appreciably increased at higher carbon dioxide activities.
For the symmetric PS-b-PnPMA, the closed loop was accessible
at atmospheric pressure with an LODT at 157°C and a UODT
at 179°C. In the presence of carbon dioxide with an activity of
0.1, an appreciable UODT elevation and LDOT depression were
seen. This increase in the size of the immiscibility window was
due to the differential dilation of the system when swollen with
carbon dioxide. As a slightly selective solvent for PnPMA, CO2

swelling magnified the volumetric disparity between the com-
ponents, driving the block copolymer into the microphase-
separated state. Transition temperatures higher than 250°C were
not experimentally accessible. At temperatures below 100°C,
proximity to Tg prohibited the observation of the transitions.
Within the experimentally accessible temperature range the
closed-loop expansion was symmetric, with the UODT increas-
ing at 23.0°C/0.1 activity unit and the LDOT decreasing at
23.5 °C/0.1 activity unit.

The asymmetric PS-b-PnPMA with 50 kDa was fully
disordered over the entire temperature range at atmospheric
pressure. However, at a carbon dioxide activity of 0.1 the
copolymer was driven into the microphase-separated state,
showing an LDOT at 162°C and a UODT at 170°C. At higher
CO2 activities the closed loop expanded. The change in the

LDOT and UODT with activity was greater in magnitude for
the asymmetric material (30.0°C/0.1 activity unit for both the
UODT and LDOT) than for the symmetric copolymer. This may
be due to the increased CO2 loading since PnPMA was the major
component. Taking the effect of copolymer composition into
account, the initial component volume fraction ratio without
CO2 was near the morphological phase boundary between the
lamellar and cylindrical phases, as predicted by the mean-field
approximation. With increasing the CO2 activity, however, the
swollen volume fraction of pentyl methacrylate increases,
driving the system into the cylindrical phase region.

It should be noted that all measured transitions were corrected
for hydrostatic pressure. As shown previously, hydrostatic
pressure has an appreciable impact on the phase behavior of
PS-b-PnPMA block copolymers34 and blends.35 When measuring
the effect of carbon dioxide dilation on closed-loop expansion,
the tendency of hydrostatic pressure to promote mixing must
be taken into account. The pressure coefficients of 725 and-725
°C/kbar for the LDOT and UODT were used at each data point
in Figure 3 such that the only effect shown is that from
preferential swelling. To demonstrate the effect of this correc-
tion, parts a and b of Figure 4 show the location of the UODT
for symmetric 43 kDa PS-b-PnPMA before and after the
correction for hydrostatic pressure, respectively. At atmospheric
pressure the copolymer is disordered over the entire temperature
range. However, at activities above 0.20 a closed loop is
observed. After the correction for hydrostatic pressure was made
the UODT was found to increase in direct proportion to the
CO2 activity, with one outlying data point at an activity of
∼0.265. This corresponds to the critical pressure of carbon
dioxide. But, since the temperature was far above the critical
temperature of CO2, this deviation could not be due to critical
phenomena, such as critical wetting.

Representative heating and cooling curves are shown in
Figure 5 for the birefringence of symmetric 40 kDa PS-b-
PnPMA. A hysteresis is seen in these traces, with the cooling
curve shifted by∼5 °C to lower temperatures than the heating
curve. This hysteresis is likely due to differences in CO2 sorption

Figure 2. Sorption measurements on 20 kDa PnPMA and 45 kDa PS
as a function of carbon dioxide activity.

Figure 3. UODT and LDOT temperatures in 50 kDa PS-b-PnPMA at
CO2 activities of 0.0 (circles), 0.1 (squares), 0.2 (triangles), and 0.3
(diamonds) for volume fraction ratios of 50:50 (closed symbols) and
42:58 (open symbols).

Figure 4. UODT temperature as a function of carbon dioxide activity
(a) before and (b) after correction for hydrostatic pressure in 43 kDa
(50:50) PS-b-PnPMA. The pressure coefficient used was-725 °C/
kbar.
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in the ordered and disordered states. Work by Vogt et al.26

suggested that PS-b-PnBMA was able to take up more carbon
dioxide in the ordered state than in the disordered state, as
determined by film thickness measurements using neutron
reflectivity. It is thermodynamically unfavorable to expel carbon
dioxide from the polymer, and as a result, there is a lag in the
measured transition temperature as one passes from the ordered
state into the disordered state. The transition temperature can
only be determined accurately when approaching an ordering
transition from the disordered state. The phase diagram in Figure
3 was constructed in this way, with UODTs determined on an
approach from high temperatures and LDOTs determined on
an approach from lower temperatures.

Conclusions

Compressed carbon dioxide was used to investigate the
closed-loop phase behavior of PS-b-PnPMA block copolymers.
CO2 sorption served to differentially dilate the components, thus
enhancing the free volume disparity between them. As a result,
the closed-loop expanded appreciably with modest fluid sorp-
tion. Additionally, PS-b-PnPMA samples which are fully
disordered over the complete temperature range were driven
into the ordered state with the application of carbon dioxide.
These results reflect the entropic origin of the closed-loop phase
behavior of these materials, which is dominated by differences
in the free volume of the blocks. The effect of carbon dioxide
sorption is distinctly different from the behavior of liquid
diluents, where one would expect only a small decrease in the
size of the immiscibility window.

Acknowledgment. Funding from the Materials Research
Science and Engineering Center at the University of Mas-
sachusetts, the Department of Energy, Office of Basic Energy
Science (T.P.R.), and the Creative Research Initiative Program
by the Korea Science and Engineering Foundation (KOSEF)
(J.K.K.) is gratefully acknowledged. The authors also thank Dr.
Bryan Vogt at the National Institute of Standards and Technol-
ogy for enlightening discussions regarding this work.

References and Notes
(1) Bates, F. S.; Fredrickson, G. H.Annu. ReV. Phys. Chem.1990, 41,

525-557.
(2) Cho, J.Macromolecules2004, 37, 10101-10108.
(3) Ruzette, A.-V. G.; Mayes, A. M.; Pollard, M.; Russell, T. P.;

Hammouda, B.Macromolecules2003, 36, 3351-3356.
(4) Russell, T. P.; Karis, T. E.; Gallot, Y.; Mayes, A. M.Nature (London)

1994, 368, 729-731.
(5) Ruzette, A.-V. G.; Banerjee, P.; Mayes, A. M.; Pollard, M.; Russell,

T. P.; Jerome, R.; Slawecki, T.; Hjelm, R.; Thiyagarajan, P.Macro-
molecules1998, 31, 8509-8516.

(6) Pollard, M.; Russell, T. P.; Ruzette, A. V.; Mayes, A. M.; Gallot, Y.
Macromolecules1998, 31, 6493-6498.

(7) Dudowicz, J.; Freed, K. F.Macromolecules2000, 33, 5292-5299.
(8) Hino, T.; Prausnitz, J. M.Macromolecules1998, 31, 2636-2648.
(9) Ruzette, A.-V. G.; Banerjee, P.; Mayes, A. M.; Russell, T. P.J. Chem.

Phys.2001, 114, 8205-8209.
(10) Cho, J.Macromolecules2001, 34, 1001-1012.
(11) Ryu, D. Y.; Jeong, U.; Kim, J. K.; Russell, T. P.Nat. Mater.2002, 1,

114-117. Ryu, D. Y.; Jeong, U.; Lee, D. H.; Kim, J.; Youn, H. S.;
Kim, J. K. Macromolecules2003, 36, 2894-2902. Ryu, D. Y.; Lee,
D. H.; Jeong, U.; Yun, S. H.; Park, S.; Kwon, K.; Sohn, B. H.; Chang,
T.; Kim, J. K.; Russell, T. P.Macromolecules2004, 37, 3717-3724.

(12) Hudson, C. S.Z. Phys. Chem. (Munich)1904, 47, 113-115.
(13) Dormidontova, E. E.Macromolecules2002, 35, 987-1001.
(14) Dudowicz, J.; Freed, K. F.Macromolecules1993, 26, 213-220.
(15) Hashimoto, T.; Hasegawa, H.; Hashimoto, T.; Katayama, H.; Kami-

gaito, M.; Sawamoto, M.; Imai, M.Macromolecules1997, 30, 6819-
6825.

(16) Freed, K. F.; Dudowicz, J.; Foreman, K. W.J. Chem. Phys.1998,
108, 7881-7886.

(17) Hu, H.; Chong, C.; He, A.; Zhang, C.; Fan, G.; Dong, J.-Y.; Han, C.
C. Macromol. Rapid Commun.2005, 26, 973-978.

(18) DeSimone, J. M.; Guan, Z.; Elsbernd, C. S.Science1992, 257, 945-
947.

(19) Sarbu, T.; Styranec, T.; Beckman, E. J.Nature (London)2000,405,
165-168.

(20) McHugh, M. A.; Krukonis, V. J. InEncyclopedia of Polymer Science
and Engineering, 2nd ed.; Mark, H. F., Bikales, N. M., Overberger,
C. C., Menges, G., Eds.; John Wiley and Sons: New York, 1989;
Vol. 16, p 368.

(21) Wissenger, R. G.; Paulaitis, M. E.J. Polym. Sci., Polym. Phys.1991,
29, 631-633.

(22) Gupta, R. R.; RamachandraRao, V. S.; Watkins, J. J.Macromolecules
2003, 36, 1295-1303.

(23) Gupta, R. R.; Lavery, K. A.; Francis, T. J.; Webster, J. R. P.; Smith,
G. S.; Russell, T. P.; Watkins, J. J.Macromolecules2003, 36, 346-
352.

(24) Goldbach, J. T.; Lavery, K. A.; Penelle, J.; Russell, T. P.Macromol-
ecules2004,37, 9639-9645.

(25) Vogt, B. D.; Brown, G. D.; RamachandraRao, V. S.; Watkins, J. J.
Macromolecules1999, 32, 7907-7912.

(26) Vogt, B. D.; RamachandraRao, V. S.; Gupta, R. R.; Lavery, K. A.;
Francis, T. J.; Russell, T. P.; Watkins, J. J.Macromolecules2003,
36, 4029-4036.

(27) Lodge, T. P.; Pan, C.; Jin, X.; Liu, Z.; Zhao, J.; Maurer, W. W.; Bates,
F. S.J. Polym. Sci., Part B: Polym. Phys.1995, 33, 2289-2293.

(28) Hanley, K. J.; Lodge, T. P.J. Polym. Sci., Part B: Polym. Phys.1998,
36, 3101-3113.

(29) Watkins, J. J.; Brown, G. D.; RamachandraRao, V. S.; Pollard, M.;
Russell, T. P.Macromolecules1999, 32, 7737-7740.

(30) Vogt, B. D.; Watkins, J. J.Macromolecules2002, 35, 4056-4063.
(31) Allen, R. D.; Long, T. E.; McGrath, J. E.Polym. Bull.1986, 15, 127-

134.
(32) Koros, W. J.; Paul, D. R.J. Polym. Sci., Part B: Polym. Phys.1976,

14, 1903-1907.
(33) Balsara, N. P.; Perahia, D.; Safinya, C. R.; Tirrell, M.; Lodge, T. P.

Macromolecules1992, 25, 3896-3901.
(34) Ryu, D. Y.; Lee, D. J.; Kim, J. K.; Lavery, K. A.; Russell, T. P.; Han,

Y. S.; Seong, B. S.; Lee, C. H.Phys. ReV. Lett. 2003, 90, 235501.
(35) Ryu, D. Y.; Lee, D. H.; Jang, J.; Kim, J. K.; Lavery, K. A.; Russell,

T. P. Macromolecules2004, 37, 5851-5855.

MA060329Q

Figure 5. Hysteresis on heating and cooling in 40 kDa (50/50) PS-
b-PnPMA as detected by birefringence.
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