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Abstract

We studied the effect of solvent selectivity on the closed-loop phase behavior of a polystyrene-block-poly(n-pentyl methacrylate) copolymer.
It was found that the lower disorder-to-order transition temperature (LDOT) and upper order-to-disorder transition temperature (UODT) con-
sisting of the closed-loop were very sensitive to the selectivity of the solvent. With the addition of very small amounts of non-selective solvents
such as di-n-octyl phthalate and dimethyl phthalate, the LDOT increased rapidly, whereas the UODT decreased dramatically; thus, the immis-
cibility loop was shrunk greatly. On the other hand, both the LDOT and UODT decreased with increasing amount of dodecanol, a highly
selective solvent to poly(n-pentyl methacrylate) block. However, the decrease in the LDOT was greater than that of the UODT, leading to an

increased immiscibility loop.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The order-to-disorder transition (ODT) in block copoly-
mers has been extensively studied theoretically and experi-
mentally [1—11]. Most block copolymers self-assemble into
periodic nanostructures upon cooling. However, some block
copolymers, such as polystyrene-block-poly(n-butyl methacry-
late) copolymer (PS-b-PnBMA) and polystyrene-block-poly
(vinyl methyl ether) copolymer (PS-b-PVME), were found
to undergo a lower disorder-to-order transition (LDOT) upon
heating [12—16]. Recently, the closed-loop phase behavior
bounded by two transition temperatures, a LDOT at a low tem-
perature and an upper ordered-to-disorder transition (UODT)
at a high temperature, was observed in polystyrene-block-poly-
(n-pentyl methacrylate) copolymer (PS-b-PnPMA) [17—23]
and weakly interacting polymer blends [24,25]. The LDOT
and UODT of PS-b-PnPMA could be explained by incorporat-
ing the weak interaction, free volume (or equation-of-state
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effect), and the fluctuation effects into the random phase approx-
imation [26,27].

The effect of various solvents with high boiling points on
the transition temperature of block copolymers with ODT
has been reported [28—31]. The solvents usually depress the
ODT by screening unfavorable segmental interactions be-
tween two blocks along with increased combinatorial entropy.
Moreover, the change of the ODT depends upon the selectivity
of a solvent toward the blocks, since the screening effect
changed with solvent selectivity [28]. Some studies have
been performed to investigate the effect of solvents on the
LDOT of block copolymers [32—35] or the lower critical solu-
tion transition (LCST) of polymer blends [36—38].

Since the directional interaction and free volume (or equa-
tion-of-states) influence the closed-loop phase behavior, the
solvents with various selectivities should also change dramat-
ically the LDOT and UODT. Very recently, we demonstrated
that the LDOT of PS-b-PnBMA increased with the addition
of dioctyl phthalate (DOP), a neutral solvent for both PS
and PnBMA blocks, while it decreased with the addition of
hexadecane, a selective solvent to PuBMA block [39]. This
suggests that the LDOT of a block copolymer in the solution
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depends on the solvent selectivity. However, since only two
solvents were used in Ref. [39], the effect of the solvent selec-
tivity on the LDOT is not well understood. Moreover, the
effect of the solvent selectivity on the UODT could not be
estimated from PS-b-PnBMA/solvent mixture, since the
UODT of PS-b-PnBMA could not be detected experimentally.
Therefore, to understand in detail the effect of the solvent se-
lectivity on the directional interaction and free-volume effect
of polymer system, the block copolymer should exhibit both
the LDOT and UODT within experimentally accessible tem-
perature range.

PS-b-PnPMA exhibits both the LODT and UODT (closed-
loop phase behavior) within the experimentally accessible
temperature range (120—300 °C) when the molecular weight
is chosen appropriately [19]. In this situation, the effect of
the solvent selectivity on both the LODT and UODT of a block
copolymer is easily investigated. In this study, the solvent se-
lectivity was judiciously changed from neutral to highly selec-
tive to PnPMA block. Interestingly, we found that the closed
(or immiscibility) loop of PS-b-PnPMA disappeared even at
very small amount (less than 1.5 vol%) of neutral solvents
of DOP and dimethyl phthalate (DMP). We also observed
that although both the LDOT and UODT decreased with the
addition of hexadecane or dodecanol, the degree of the de-
crease in the LDOT was larger for a highly PnPMA-selective
solvent of dodecanol compared with a slightly PnPMA-
selective solvent of hexadecane. We explained this difference
qualitatively by employing the total Gibbs free energy of mix-
ing including the free-volume effect and the specific inter-
action depending on the solvent selectivity. This would help
one to understand in detail the closed-loop phase behavior
of a block copolymer.

2. Experimental section

A symmetric PS-b-PnPMA was synthesized anionically
[17,19]. The number-average molecular weight (M,) and the
polydispersity index (M,/M,) were 49900 and 1.02, respec-
tively, measured by size exclusion chromatography combined
with multiangle laser light scattering. The volume fraction of
PS block (fps) was 0.5, determined by nuclear magnetic reso-
nance. This block copolymer exhibits both the LDOT (142 °C)
and UODT (220 °C). And between LODT and UODT, this
block copolymer exhibited lamellar microdomains with a long-
spacing of 23 nm [21]. The solvents employed in this study
were DOP, DMP, hexadecane (C;gHs4) and dodecanol
(C1,H,s0H) with boiling points higher than 260 °C. All
were purchased from Aldrich Chem. Co., and used without
any further purification. The density at room temperature
and the boiling and melting points of the solvents are given
in Table 1 [40]. The block copolymer/solvent mixtures were
prepared by using methylene chloride (CH,Cl,) as a cosolvent.
The CH,Cl, was removed under a gentle flow of nitrogen first,
then under mild vacuum until a constant weight was achieved.

Rheological measurement of the mixtures was carried out
by using an Advanced Rheometrics Expansion System
(ARES) with 25 mm parallel plate geometry and 1 mm gap.

Table 1

Physical properties of solvents employed in this study

Solvent Density at 25 °C (g cm ™) B.p. (°C) M.p. (°O)
Ci6Hay 0.773 287 18
C,H,s0H 0.831 262 24
DOP 0.986 384 —46
DMP 1.194 284 5.5

Samples were first annealed at 120 °C for 1 h to remove ther-
mal history, and then temperature was increased at a heating
rate of 0.5 °C min~'. The strain amplitude and the angular fre-
quency were 0.05 and 0.1 rad/s, respectively, which lie within
the linear viscoelastic region.

Depolarization of transmitted light (static birefringence)
[41,42] was used to determine the LODT and UODT of neat
PS-b-PnPMA and PS-b-PnPMA/solvent mixtures. Vertically
polarized light from a HeNe laser passed through the sample
and a horizontal analyzing polarizer onto a photodiode. Sam-
ples with a thickness of 1.0 mm and a diameter of 5 mm were
covered by two glass disks, and then subjected to a slowly
increasing temperature rate (0.5 °Cmin~"). It is noted that
the transition temperatures determined during the first heating
are essentially the same as those obtained from the second
heating after the cooling; thus the evaporation of all the sol-
vents was negligible.

The microdomain of the mixtures was also obtained with
transmission electron microscopy (TEM Hitachi 7600) operat-
ing at 100 kV. The samples were ultramicrotomed and stained
with RuOy vapor.

We observed that PS and PnPMA homopolymers are com-
pletely soluble in DOP and DMP. Thus, the selectivity of these
two solvents to the blocks could be estimated by the magni-
tude of the second virial coefficient (A,) determined by using
membrane osmosis and light scattering method. However, for
DOP/PnPMA and DMP/PnPMA solutions, we could not ob-
tain A, by using light scattering because the refractive index
increment with the increasing polymer concentration (dn/dc)
was too small to measure. Furthermore, since both DOP and
DMP penetrate easily into the membranes used in membrane
osmosis, we could not perform this experiment. Thus, the
selectivity of DOP and DMP was indirectly estimated by the
magnitude of the a in the Mark—Houwink equation
[n] = KM? [43]. Here, [n] is the intrinsic viscosity, M is the
molecular weight, and K and @ are the Mark—Houwink
constants. The [n] was obtained by using an Ubbelohde type
viscometer at given temperature controlled with £0.1 °C.

On the other hand, the selectivity of hexadecane and dodec-
anol to PS and PnPMA blocks was easily judged by the turbid-
ity points (T,) experiment measured by optical microscopy
(OM, Axioplan, Zeiss Co.). The number-average molecular
weights (M,,) and the polydispersity indices (PDI) of PS (pur-
chased from Aldrich Chem. Co.) and PnPMA (prepared by an-
ionic polymerization in this laboratory) homopolymers were
29300 and 1.03, and 111 000 and 1.05, respectively. The mix-
tures of polymers and solvents were prepared by using CH,Cl,
as a cosolvent and then removing the cosolvent until a constant
weight was achieved. The T, was first estimated by the
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threshold temperature above which phase-separated structures
were not observed under the OM with a magnification of 400 x
upon heating at a rate of 1 °Cmin~"'. Once T}, of a specimen
was estimated, the exact T\, was determined by OM with a step-
wise change of 1 °C near the Ty; thus the maximum error in T3,
would be less than +1 °C.

3. Results and discussion

Fig. 1a gives turbidity curves of PS/C,¢Hs4 and PnPMA/
C6H34 mixtures, from which the Flory—Huggins interaction
parameter (« in mol/cm® and given by x/Vies, in which V¢
is the reference monomeric volume) of these two mixtures is
given by:

aps/c ety = 0.958 X 1077 + (0.705 + 0.336¢p5) /T (1a)

Wppaia/Crgtsy = 0.819 X 1073 4 (0.588 + 0.319¢p,py1a ) /T
(1b)

(a)

where ¢pg is the volume fraction of PS in PS/C,¢Hs4 solution
and ¢p,pma 1S the volume fraction of PnPMA in PnPMA/
C¢H34 solution. The solid lines in Fig. 1a are the binodal curves
calculated from the Flory—Huggins theory with the aid of Eqs.
(1a) and (1b), respectively, where the specific volumes (in cm?/
g) of PS (0.952), PnPMA (0.970) and C,¢H34 (1.290) are used.
The predicted binodal curves are in good agreement with mea-
sured turbidity curves. The UCST of PnPMA/C,¢H34 mixture
was 70 °C, 90 °C lower than that of PS/C,cHs, blend, even
though the molecular weight (111 000) of PnPMA is four times
larger than that (29 300) of PS. From Fig. 1 and the comparison
of Eq. (1a) with Eq. (1b), we conclude that C,cH3, is a selective
solvent for PuPMA block compared with PS block. The temper-
ature dependence of the solubility of polymers could be esti-
mated from the ratio of apg;c, H,, /OprpMA/C ¢Hy,- From Egs.
(13.) and (lb), aPS/C16H34/aPnPMA/C]6H34 at230°Cis 1.1 54, which
is essentially the same as that (1.153) at 100 °C at given volume
fractions of polymers ranging from 0.93 to 0.99. Therefore, we
consider that C¢H3, is a selective solvent for PuPMA compared
with PS regardless of temperatures.
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Fig. 1. (a) Turbidity curves of PS/hexadecane mixtures and PnPMA/hexadecane mixtures. Solid lines are drawn based on the Flory—Huggins lattice theory with
Eqgs. (1a) and (1b), respectively. (b) Turbidity curve of PS/dodecanol mixture. Solid line is drawn based on the Flory—Huggins lattice theory with Eq. (2). The

insets give OM images in homogeneous and phase-separated states.
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Fig. 1b shows the turbidity curve of the PS/C,,H,sOH
mixture with a UCST of ~ 130 °C. But all compositions of
PnPMA/C,H,s0H mixture did not exhibit any turbidity
above room temperature, even though the M, of PnPMA was
as large as 111 000. Thus, C;,H,50H is considered as a selec-
tive solvent to PnPMA. Using the turbidity point measurement
together with the Flory—Huggins mean field theory, we ob-
tained the interaction parameter « for this mixture:

aps/dodecanol = —1.49 X 1077 + (1.967 + 0.524¢p) /T (2)

where ¢pg is the volume fraction of PS in PS/C;,H,5sOH mix-
ture. The solid line in Fig. 1b is the binodal curve calculated
with the aid of Eq. (2). In calculating the binodal curves, we
used the specific volume (1.203 cm3/g) of C1,H,50H. The pre-
dicted binodal curve is in good agreement with the measured
turbidity curve. We further consider that the selective nature of
C2H,50H to PnPMA block does not change much with
temperature.

Now, we test whether DMP and DOP are neutral solvents
for both PnPMA and PS blocks. Fig. 2a gives the plots of
[n] vs M, for PS/DOP and PnPMA/DOP mixtures at two tem-
peratures (62 °C and 110 °C). The Mark—Houwink constants
(a) for PS and PnPMA in DOP at 62 °C are essentially the
same (0.56 4= 0.005). Also, the values of a for PS and PnuPMA
in DOP at 110 °C are essentially the same (0.64 4= 0.01), even
though this value is larger than that at 62 °C. This suggests
that the solubility of PS and PnPMA in DOP increases with
increasing temperature, as expected. But, the DOP remains
to be a non-selective (neutral) solvent for both PS and PnPMA
at a given temperature.

Fig. 2b gives the plots of [n] vs M, for PS/DMP and
PnPMA/DMP mixtures at two temperatures (51 °C and
110 °C). The value of a (0.48 £0.02) for PS in DMP at
51 °C is very similar to that (0.46 £ 0.03) for PnPMA. Also,
the values of @ for PS and PnPMA in DOP at 110 °C are essen-
tially the same (0.68 £ 0.02). Although the solubility of both
PS and PnPMA in DMP increases with increasing tempera-
ture, DMP remains to be a non-selective (neutral) solvent for
both PS and PnPMA at a given temperature.

Fig. 3 gives temporal change of storage modulus (G') and
depolarizing light intensity of neat PS-b-PnPMA. Because
the microdomains of the block copolymer are lamellar, an
abrupt increase in G’ and depolarizing light intensity is re-
ferred to as the LDOT, whereas a precipitous decrease in G’
and depolarizing light intensity is referred to as the UODT
[44—47]. From Fig. 3, PS-b-PnPMA exhibits an LDOT at
142 °C and a UODT at 220 °C, and these two values are con-
sistent with the SAXS results reported previously [21]. Here-
after, the transition temperatures of block copolymer/solvent
mixtures were determined by the static birefringence, since
all mixtures employed in this study show lamellar micro-
domains between the LDOT and UODT.

Fig. 4 shows temperature dependence of static birefrin-
gence of PS-b-PnPMA with various amounts of DMP. Interest-
ingly, even if 0.9 vol% of DMP was added to the mixture,
the LDOT was increased by 26 °C, while the UODT was
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Fig. 2. (a) The plots of [n] vs M, for PS/DOP ([, l) and PnPMA/DOP ( A,
A ) mixtures at two temperatures (62 °C (open symbols) and 110 °C (closed
symbols)). (b) The plots of [n] vs M, for PS/DMP (1, M) and PnPMA/DMP
(A, A) mixtures at two temperatures (51 °C (open symbols) and 110 °C
(closed symbols)).

decreased by 20 °C. When the amount of DMP was above
1.3 vol%, we could not detect the LDOT and UODT, indicat-
ing that this mixture becomes the disordered state. Previously,
we reported that the LDOT and UODT changed significantly
with static pressure [20]. Thus, the addition of a neutral sol-
vent is another simple but efficient way to change significantly
the closed-loop phase behavior of block copolymers. Fig. 5
compares the effect of DOP and DMP on the transition tem-
peratures of PS-b-PnPMA/solvent mixtures. Within the exper-
imental error, both solvents showed almost the same effect on
the LODT and UODT. Since the change of the ODT depends
on solvent selectivity [28], both DOP and DMP should have
the similar selectivity for both blocks, which was also con-
firmed by the experimental results.

Figs. 4 and 5 clearly demonstrate that the non-selective sol-
vents destabilized greatly the ordered phase. This is due to the
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and 98.5/1.5 (v/v) () PS-b-PnPMA/DMP mixtures. The curves were shifted
vertically for clarity.
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Fig. 5. The changes of LODT (open symbols) and UODT (closed symbols) of
PS-b-PnPMA with the amount of DMP (O, @) and DOP ((J, H).

screening of unfavorable segmental interactions along with in-
creased combinational entropy in the presence of the solvent.
However, for PS-6-PnPMA, the contributions of two more fac-
tors to free energy of mixing should be taken into account: the
free-volume effect and the specific favorable interaction. The
former arises from the disparity of isothermal compressibility
(or thermal expansion coefficient (ar)) between two block
segments (equation-of-state effects) [48—50]. A weak interac-
tion in PS-b-PnPMA was found via Fourier transformed infra-
red spectroscopy arising from the dipole of the PS block and
induced dipole of the PnPMA block [23]. For PS-b-PrnPMA
in a neutral solvent, due to the approximately equal partition-
ing of the neutral solvent into each block, the disparity of ar
between PS and PnPMA would not change even though a non-
selective solvent is added. Although the screening effect by the
solvent slightly decreases the favorable specific interaction,
it contributes much less than the screening of unfavorable
segmental interactions along with increased combinational en-
tropy. Therefore, the ordered phase in PS-b-PnPMA destabi-
lizes with the addition of a non-selective solvent.

Fig. 6 shows temperature dependence of static birefrin-
gence of PS-b-PnPMA with various amounts of C;sHs4. The
UODT decreased with increasing amount of the solvent,
which is similar to the non-selective solvents. However, the
LDOT decreased, not increased, with increasing amount of
Ci6Hz4, which is quite different behavior compared with
DOP (or DMP) solvent. When the amount of C,;sHs, in the
mixture was 1.3 vol%, the LDOT was lower than 120 °C,
which is the lower limit to measure the LODT due to proxim-
ity to the T, of PS block. Therefore, CcHs4 stabilizes the or-
dered phase near LODT, whereas it destabilizes the ordered
phase near UODT.

Fig. 7 compares the changes of the LDOT and UODT of
PS-b-PnPMA with two different solvents. It is noted that
even when 7.5vol% C;,H,sOH was added, the lamellar
microdomains were maintained, as shown in the inset of
Fig. 7. We found, however, that when the volume fraction of
C2H,5s0H in PS-b-PnPMA/C,,H,sOH mixture was higher
than 0.2, morphological transformation from lamellar to
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hexagonally packed cylindrical microdomains was observed.
Phase behavior of PS-b-PnPMA/C,H,5sOH mixture at higher
amounts of C;,H,50H will be reported in a future publication.
It is seen in Fig. 7 that although both the LODT and UODT
decrease with increasing amounts of C;,H,50H and C;¢Hjy,
the former solvent stabilizes the ordered phase slightly more
than the latter does. Furthermore, the change of the LDOT is
more sensitive to the selectivity of the solvent compared
with the change of the UODT.

The stabilization of the LODT by the addition of a selective
solvent to PS-b-PnPMA is mainly due to the change of the
compressibility disparity. It is noted that the preferential par-
tition of a solvent into one block could enhance the phase
separation below the LDOT [32], because solvents usually
possess higher compressibility than polymers [48,49]. The
thermal expansion coefficients («r) for PS, PnPMA at temper-
atures higher than their respective T,s, C;sHz4 and C;,H,sOH
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Fig. 7. The changes of LODT (open symbols) and UODT (closed symbols) of
PS-b-PnPMA with the amount of C;,H,sOH ([J, M) and C;¢H34 (O, @).
The inset gives the TEM image of 92.5/7.5 (v/v) PS-b-PnPMA/C,,H,sOH
mixture after annealing at 150 °C for 3 h.
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Fig. 8. The changes of LODT (open symbols) and UODT (closed symbols) of
PS-b-PnPMA with DOP (A, A ), CioH,sOH (O, W) and 65/35 (wt/wt) DOP/
dodecanol mixed solvent (O, @).

are 5.6 x107% 7.7x107% 104 x10™* and 8.15x 10™*
(Kil), respectively [51]. Since both C;,H,sOH and C;¢H3z4
partition more selectively into the PuPMA block than the PS
block, the difference in ap between PS and PnPMA in the
mixture increases, thus the free-volume disparity increases.
This effect stabilizes the ordered state near the LDOT. Also,
because favorable directional interactions are screened by se-
lective solvents, phase-separated (or ordered) state is stabi-
lized. Both contributions to the free energy of mixing could
prevail over the screening of unfavorable segmental interac-
tions along with increased combinational entropy in the pres-
ence of the solvent mentioned before. Therefore, the LDOT
decreased by increasing the PnPMA selectivity of solvents.
However, near the UODT, the large values of combinational
entropy may overcome the free energy penalty driven by the
free-volume effect as well as the screening effect; a slight de-
crease in the UODT is expected. Thus, the decrease of the
UODT with the addition of a selective solvent to PnPMA
block was smaller than that with the decrease of the LDOT
of PS-b-PnPMA, consistent with results given in Figs. 6 and
7. Finally, since the LDOT and UODT of PS-b-PnPMA/solvent
mixtures depend upon solvent selectivity, we can easily con-
trol the LDOT and UODT by mixing of two solvents. Specif-
ically, when a mixed solvent of DOP and C;,H,5OH was used,
the LODT changed little with amounts of mixed solvent,
whereas the UODT decreased steadily, as shown in Fig. 8.

4. Conclusion

We have shown that the solvents significantly affected the
closed-loop type phase behavior of PS-b-PnPMA/solvent mix-
tures depending on the solvent selectivity. With the addition of
non-selective solvents, such as DOP and DMP, the LDOT
increased rapidly, whereas the UODT decreased dramatically;
thus, the disordered state was easily obtained even at smaller
amounts of solvents. On the other hand, both LDOT and
UODT decreased with increasing amount of C;,H,sOH,
a highly selective solvent to the PuPMA block. However, the
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decrease in LDOT was greater than that of the UODT, leading
to an increased immiscibility loop. The free-volume effect
arising from the disparity of the thermal expansion coefficients
between PS and PnPMA phase greatly influences the LDOT.

Acknowledgment

This work was supported by the National Creative Research
Initiative Program supported by the Korean Organization of
Science and Engineering Foundation (KOSEF) and the second
stage of Brain Korea 21 project.

References

[1] Hashimoto T. In: Legge NR, Holden G, Schroeder HE, editors. Thermo-
plastic elastomers. New York: Hanser; 1987. p. 349—83.
[2] Bates FS, Fredrickson GH. Annu Rev Phys Chem 1990;41:525—57.
[3] Helfand E, Wasserman ZR. Developments in block copolymer. In: Good-
man, editor. New York: Applied Science; 1982 [chapter 4].
[4] Hashimoto T, Kowsaka K, Shibayama M, Suehiro S. Macromolecules
1986;19:750—4.
[5] Almdal K, Rosedale JH, Bates FS. Macromolecules 1990;23:4336—8.
[6] Hamley IW. The physics of block copolymers. Oxford: Oxford Univer-
sity Press; 1998 [chapter 2].
[7] Leibler L. Macromolecules 1980;13:1602—17.
[8] Sakurai S, Nomura S. Polymer 1997;38:4103—12.
[9] Matsen MW, Bates FS. Macromolecules 1996;29:7641—4.
[10] Chang Y, Hsueh H-Y, Chen W-C, Huang C-I. Polymer 2005;46:
3942—51.
[11] Kim D-C, Yoo SI, Moon S-W, Zin W-C. Polymer 2005;46:6595—604.
[12] Russell TP, Karis TE, Gallot Y, Mayes AM. Nature (London) 1994;368:
729-31.
[13] Hashimoto T, Hasegawa H, Hashimoto T, Katayama H, Kamigaito M,
Sawamoto M, et al. Macromolecules 1997;30:6819—25.
[14] Weidisch R, Stamm M, Schubert DW, Arnold M, Budde H, Horing S.
Macromolecules 1999;32:3405—11.
[15] Ruzette A-VG, Mayes AM, Pollard M, Russell TP, Hammouda B.
Macromolecules 2003;36:3351—6.
[16] Jeong J, Ryu DY, Kim JK. Macromolecules 2003;36:8913—8.
[17] Ryu DY, Jeong U, Kim JK, Russell TP. Nat Mater 2002;1:114—7.
[18] Ryu DY, Park MS, Chae SH, Jang J, Kim JK, Russell TP. Macromole-
cules 2002;35:8676—80.
[19] Ryu DY, Jeong U, Lee DH, Kim J, Youn HS, Kim JK. Macromolecules
2003;36:2894—902.
[20] Ryu DY, Lee DJ, Kim JK, Lavery KA, Russell TP, Han YS, et al. Phys
Rev Lett 2003;90:235501—4.
[21] Ryu DY, Lee DH, Jeong U, Yun SH, Park S, Kwon K, et al. Macro-
molecules 2004;37:3717—24.

[22] Ryu DY, Lee DH, Jang J, Kim JK, Lavery KA, Russell TP. Macromole-
cules 2004;37:5851—5;
Kim JK, Jang J, Lee DH, Ryu DY. Macromolecules 2004;37:8599—605.

[23] Kim HJ, Kim SB, Kim JK, Jung YM, Ryu DY, Lavery KA, et al. Macro-
molecules 2006;39:408—12;
Kim HJ, Kim SB, Kim JK, Jung YM. J Phys Chem B 2006;110:
23123-9.

[24] Lee CH, Sairo H, Goizueta G, Inoue T. Macromolecules 1996;29:
4274—17.

[25] Hu H, Chong C, He A, Zhang C, Fan G, Dong J-Y, et al. Macromol Rapid
Commun 2005;26:973—8.

[26] Cho J. Macromolecules 2004;37:10101—8;
Cho J, Kwon YK. J Polym Sci Polym Phys Ed 2003;41:1889—96.

[27] Ruzette A-V. Nat Mater 2002;1:85—9.

[28] Hanley KJ, Lodge TP, Huang C-I. Macromolecules 2000;33:5918—31.

[29] Lodge TP, Pudil B, Hanley KJ. Macromolecules 2002;35:4707—17.

[30] Lai C, Russell WB, Register RA. Macromolecules 2002;35:841—9.

[31] Yuan XF, Masters AJ. Polymer 1997;38:339—46.

[32] Watkins JJ, Brown GD, Ramachandra Rao S, Pollard MA, Russell TP.
Macromolecules 1999;32:7737—40.

[33] Vogt BD, Ramachandra Rao VS, Gupta RR, Lavery KA, Francis TJ,
Russell TP, et al. Macromolecules 2003;36:4029—36.

[34] Vogt BD, Watkins JJ. Macromolecules 2002;35:4056—63.

[35] Lavery KA, Sievert JD, Watkins JJ, Russell TP, Ryu DY, Kim JK.
Macromolecules 2006;39:6580—3.

[36] Bank M, Leffingwell J, Thies C. J Polym Sci 1972;A-2:1097—109.

[37] Zeman L, Patterson D. Macromolecules 1972;5:513—6.

[38] Robard A, Patterson D, Delmas G. Macromolecules 1977;10:706—8.

[39] Li C, Lee DH, Kim JK, Ryu DY, Russell TP. Macromolecules 2006;39:
5926—-30.

[40] Yaws CL. Chemical properties handbook. New York: McGraw-Hill;
1999 [chapter 8].

[41] Balsara NP, Perahia D, Safinya CR, Tirrell M, Lodge TP. Macromole-
cules 1992;25:3896—901.

[42] Balsara NP, Dai HJ, Kesani PK, Garetz BA, Hammouda B. Macromole-
cules 1994;27:7406—9.

[43] Teraoka I. Polymer solutions: an introduction to physical properties. New
York: John Wiley & Sons; 2002 [chapter 3].

[44] Bates FS. Macromolecules 1984;17:2607—13.

[45] Han CD, Kim J, Kim JK. Macromolecules 1989;22:383—94.

[46] Han CD, Baek DM, Kim JK. Macromolecules 1990;23:561—70.

[47] Han CD, Baek DM, Kim JK, Ogawa T, Hashimoto T. Macromolecules
1995;28:5043—62.

[48] McMaster LP. Macromolecules 1973;6:760—73.

[49] Patterson D, Robard A. Macromolecules 1978;11:690—5.

[50] Sanchez IC. In: Meyers RA, editor. Encyclopedia of physical science and
technology, vol. XI. New York: Academic Press; 1987. p. 1—18.

[51] Zoller P, Walsh DJ. Standard pressure—volume—temperature data for
polymers. Lancaster: Technomic Pub; 1995. p. 25, 135;
Kulikov D, Verevkin SP, Heintz A. Fluid Phase Equilib 2001;192:
187—207 [« of PuPMA was measured in this laboratory by using spec-
troscopic ellipsometry (J. A. Woollam) with a thin film (~210 nm) of
PnPMA homopolymer (M, = 80000, PDI = 1.03)].



	Effect of solvents on closed-loop phase behavior of block copolymers
	Introduction
	Experimental section
	Results and discussion
	Conclusion
	Acknowledgment
	References


