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ABSTRACT: Mesomorphic phase behavior and phase diagram of mixtures of w-lithium sulfonatopoly-
styrene (PSsul) with trimethylstearylammonium chloride (TMSAC) were investigated with differential
scanning calorimetry (DSC) and small-angle X-ray scattering (SAXS). DSC measurements indicated that
the PSsul and the TMSAC formed ionic aggregate with 70 wt % of PSsul and cooperatively crystallized
in the aggregate. The SAXS measurements indicated the PSsul-TMSAC aggregate in solid state formed
a hierarchical lamellar-within-lamellar structure which had two lamellae with different periodic lengths.
Above melting temperature of the aggregate, the shorter period disappeared and the PSsul-TMSAC
aggregate formed single lamellar structure. When weight fraction of PSsul was less than 0.7, the PSsul—
TMSAC mixtures were phase-separated and had two types of mesomorphic structures attributed to
TMSAC itself and the ionic PSsul-TMSAC aggregate. On the other hand, when the weight fraction of
PSsul was higher than 0.7, the mesomorphic morphologies of the PSsul-TMSAC mixtures changed in
order of lamellar, gyroid, and ordered sphere morphologies with increasing concentration of PSsul. The
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phase diagram summarizing these DSC and SAXS results was comprised of 12 regions.

1. Introduction

Polymer—surfactant mixtures and complexes have
been expected to be a novel class of soft materials, such
as anisotropic materials and stimuli responsive materi-
als.1=11 The polymer—surfactant systems spontaneously
form mesomorphically ordered structure in both molten
and solid states due to the attractive interactions
between the polymers and the headgroups of the surf-
actants together with the hydrophobic interactions of
the aliphatic tails of the surfactants.%>713 Since the
bonds between the polymers and the surfactants are
noncovalent, the polymer—surfactant systems have
various phase transitions in various length scales by
slight changes of environments.157.12 The complicated
phase formations in the polymer—surfactant systems
must be controlled to use the mesomorphism for func-
tional materials. For the successful controlling of the
various phase formations and transitions, detailed
investigations on the phase behavior, such as phase
diagrams, are of importance. For the polymer—surfac-
tant systems that form comblike aggregates, investiga-
tions on the phase behavior have been sufficiently
performed in detail in both experimental and theoretical
approaches.157.13-17

Recently, formations of mesomorphically ordered
phases of polymer blends consisting of end-functional
polymers have been reported.18-25 Since the polymers
in the blends form noncovalently bonded block copoly-
mers due to the attractive interactions between the end
groups, the phase-separated structures of the blends are
spontaneously organized in mesoscale just like a micro-
phase separation of a block copolymer. These are
regarded as the analogous systems of the mixtures
consisting of the end-functional polymers and surfac-
tants which have a polar headgroup and a hydrophobic
tail. Since the surfactant itself forms mesomorphically
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organized structure, the phase behavior in the mixtures
consisting of the end-functional polymer and the surf-
actant should be more complicated, compared with the
phase behavior of the binary polymer blends consisting
of the end-functional polymers. Therefore, the investiga-
tions concerned with the phase behavior of the mixtures
of the end-functional polymer with the surfactant are
of great interest.

In the present work, we examine to explore the
complexity of the formation of mesomorphically ordered
phases and to prepare phase diagrams of the mixtures
consisting of polymer terminated with ionic group and
oppositely charged surfactant. For these purposes, we
use the mixtures of w-lithium sulfonatopolystyrene as
polymer terminated with ionic group and trimethyl-
stearylammonium chloride as oppositely charged surf-
actant.

2. Experimental Section

Materials. Styrene was purchased from Wako Pure Chemi-
cals Co., Ltd., Japan. sec-Butyllithium (sec-BuL.i) of 1 mol L™
hexane solution was purchased from Kanto Chemicals Co.,
Ltd., Japan. Trimethylstearylammonium chloride (TMSAC),
1,1-diphenylethylene (DPE), and 1,3-propane sultone were
purchased from Tokyo Chemical Industry Co., Ltd., Japan.

Synthesis of o-Lithium Sulfonatopolystyrene (PSsul).
PSsul was synthesized according to the literature.?>=2” Scheme
1 shows the route of the synthesis of PSsul. Styrene was
polymerized using sec-BuL.i as initiator. The produced living
polystyryllithium was end-capped with DPE and subsequently
deactivated by 1,3-propane sultone. PSsul was purified by
repeated precipitations in methanol. Number- and weight-
average molecular weights of PSsul measured by GPC were
3.7 x 10% and 4.2 x 103, respectively. The terminal ionic group
of PSsul was characterized by elemental analysis using a
Yanaco CHN and S corder at the Instrumentation Center of
The University of Kitakyushu. The obtained sulfur content of
PSsul was 1.1%, corresponding to one SOz~ unit in one PSsul
chain.

Preparation of Mixtures. PSsul and TMSAC were
weighted to desired ratio and dissolved in CHCI3. The solution
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Scheme 1. Synthesis of PSsul
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was stirred until it became clear. After the solutes were
perfectly dissolved, the solvent evaporated at 40 °C. The
resulting mixtures were further dried at room temperature
in reduced pressure for 1 week. The resulting mixtures were
described as PSsul—=TMSAC(®pssui), Where ®psg, denotes the
weight fraction of PSsul.

Small-Angle X-ray Scattering (SAXS). SAXS measure-
ments were performed at the BL40B2 beamline of SPring-8,
Hyogo, Japan. Two-dimensional SAXS patterns were obtained
by a Rigaku R-AXIS IV++ (a 30 cm x 30 cm imaging plate).
The one-dimensional SAXS profiles were converted from the
two-dimensional SAXS patterns by circular averaging.

Differential Scanning Calorimetry (DSC). DSC meas-
urements were carried out using a Perkin-Elmer Pyris 1 DSC
at Instrumentation Center of The University of Kitakyushu.
The DSC measurements were performed at 20 deg min—?! of
heating rate under a N, atmosphere.

3. Results and Discussion

Figure 1 shows DSC thermograms of PSsul-TMSAC
mixtures. The thermogram of TMSAC indicates a melt-
ing peak from 80 to 90 °C. When PSsul is added to
TMSAC, another melting peak appears around 60 °C.
The melting peak at 60 °C becomes relatively larger
with increasing PSsul contents up to ®pssy = 0.7. In
the PSsul-TMSAC(0.7) mixture, the melting peak at
higher temperature disappeared. Therefore, the PSsul
and the TMSAC cooperatively form an ionic aggregate
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Figure 1. DSC thermograms of the PSsul-TMSAC mixtures.
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which includes 70 wt % PSsul (PSsul-TMSAC(0.7)
aggregates), and two crystalline phases constructed with
the PSsul-TMSAC(0.7) aggregates and TMSAC itself
coexist in the PSsul—=TMSAC(®pssy < 0.7) mixtures. On
the other hand, when ®psg, > 0.7, the thermograms
show a glass transition. This means that the TMSAC
chains in the PSsul-=TMSAC(®pssui < 0.7) mixtures
cannot form crystalline packing because of the paucity
of population of TMSAC. Figure 2 summarizes the
melting temperatures (T,) and glass transition tem-
peratures (Ty) of TMSAC and the PSsul-TMSAC mix-
tures. Region | indicates the state coexisting two
crystalline phases of the ionic PSsul-TMSAC aggregate
and TMSAC itself. Region Il corresponds to glassy state
of the PSsul-TMSAC mixtures. Region I11 indicates the
state coexisting liquid phase of the ionic PSsul—-TMSAC
aggregate and crystalline phase of TMSAC. In addition,
region 1V corresponds to the molten states. The SAXS
experiments are examined for the PSsul—=TMSAC mix-
tures in the characteristic four regions.

Figure 3 shows SAXS profiles for the PSsul—
TMSAC(®Ppssul < 0.7) at 50 °C, corresponding to region
I of Figure 2. TMSAC itself shows up to second-order

100

80 |

Temperature/°C

60

40 N N N N
0 0.2 0.4 0.6 0.8 1

Ppssul

Figure 2. Plots of melting temperatures (Tn) and glass
transition temperatures (Tg) of the PSsul-TMSAC mixtures
against weight fraction of PSsul. Open circle, closed circle, and
open square denote Ty, of TMSAC, T, of ionic PSsul-TMSAC
aggregate, and T, respectively.
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Figure 3. SAXS profiles of the PSsul-TMSAC(®pssu < 0.7)
mixtures at 50 °C.

diffraction peaks. The q position of the first-order peak
is 0.206 A—1, and the q positions are relatively assigned
to 1:2. Here, q denotes the magnitude of the scattering
vector defined by q = (4n/A) sin(6/2), where 6 is the
scattering angle. Therefore, TMSAC forms the lamellar
structure with 3.1 nm of the periodic length under the
Tm. The periodic length of the crystalline lamellar
structure is slightly longer than the chain length of
TMSAC with a planar zigzag conformation (2.3 nm
calculated by MOPAC) but much shorter than twice
that. Therefore, it is considered that the TMSAC chains
take interdigitating packing or tilted bilayer structure
in which the TMSAC chains are declining to lamellar.
However, if the TMSAC chains take a tilted bilayer
structure, the tilting angle of the TMSAC to lamellar
plane has to be ca. 42°, which is exceptionally small
angle. Therefore, it is hard to consider that the TMSAC
chains take a tilted bilayer structure. Thus, the TMSAC
chains should take the interdigitating packing, while
they may be slightly declining to the lamellar plane. On
the other hand, the PSsul-TMSAC mixtures show
drastically different SAXS profiles from that of TMSAC.
The PSsul-TMSAC(0.5) mixture shows six diffraction
peaks. Since the PSsul-TMSAC(0.5) mixture contains
the crystalline phase of TMSAC itself as shown in
Figure 1, the diffraction peaks at 0.206 and 0.412 A-!
are attributed to the crystalline lamellar structure of
TMSAC. The other peaks can be subdivided into two
series. One is the peaks indicated as g, at 0.157 A1
and 2qz at 0.313 A1 and the other gz at 0.230 A~ and
203 at 0.460 A1, Since the q positions are relatively
assigned to 1:2 in both series, two different lamellar
structures with 4.0 nm (d;) and 2.7 nm (dy) of the
periodic lengths coexist in the PSsul-TMSAC(0.7)
mixture. d; is slightly longer than the chain length of
TMSAC with a planar zigzag conformation, although
slightly shorter than the long period of the crystalline
lamellar of TMSAC itself. Therefore, the lamellar
structure with d, period consists of crystalline ag-
gregates of TMSAC with an interdigitating arrange-
ment, similar to the crystalline structure of TMSAC
itself. Because the PSsul-TMSAC(0.7) mixture shows
a single melting peak in the DSC thermogram and does
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not indicate macroscopic phase separation, these lamel-
lar structures are microscopically hybridized and behave
as if one crystalline aggregate. Taking into account the
results shown above, possible structures hybridized two
lamellae with different periodic lengths are schemati-
cally drawn as Figure 4. If the PSsul-TMSAC(0.7)
mixture takes the structure shown in Figure 4a,b,
lamellar structure of the mixture should be significantly
distorted or two lamellar structures with different
periodic lengths should appear above Tn,. However, as
shown later, the PSsul-TMSAC(0.7) mixture takes a
lamellar structure with a single periodic length above
Tm, and it is highly ordered because the SAXS profile
of the mixture indicates up to second-order diffraction.
In addition, if the PSsul-TMSAC(0.7) mixture takes the
structure shown in Figure 4a,b, the thickness of the
PSsul layer must be equal to 1.3 nm, which is about
half that of TMSAC layer. Since the weight fraction of
PSsul in the mixture is 70 wt %, it is difficult for the
PSsul-TMSAC(0.7) mixtures to take the structures
shown in Figure 4a,b. Taking into account the composi-
tion of the PSsul-TMSAC(0.7) mixture, a structure
shown in Figure 4c, the so-called lamellar-within-
lamellar structure,121228 js reasonably applicable to the
hybridized lamellar structure. Although the frequency
of the ion—ion interaction between PSsul and TMSAC
in Figure 4c is lower compared to those of Figure 4a,b,
this may be left out of consideration because of much
lower concentration of the lithium sulfonate group in
PSsul. In addition, the periodic length of the lamellar
of the TMSAC in the PSsul-TMSAC(0.7) mixture
becomes slightly shorter than that of crystalline lamel-
lar of the TMSAC itself. It is reasonable to diminish the
periodic length of lamellar of TMSAC in the structure
of Figure 4c because the concentration of the quaternary
ammonium group at the phase boundary between PSsul
and TMSAC layers is increased. On the contrary, in the
other structures, it is difficult to consider more deter-
mining factors to shorten the lamellar period of the
TMSAC from that of TMSAC alone. Thus, the crystal-
line aggregate of the PSsul-TMSAC(0.7) mixture should
take the lamellar-within-lamellar structure as shown
in Figure 4c in region | of Figure 2.

Figure 5 shows SAXS profiles for PSsul—
TMSAC(®Ppssyl = 0.9) mixtures at 50 °C (in region Il of
Figure 2). The PSsul-TMSAC(0.9) mixture shows up
to fifth-order diffraction peaks. The q positions of the
diffraction peaks are relatively assigned to 1:1.16:1.53:
1.67:1.85. This pattern is closely corresponding to a
diffraction pattern of gyroid morphology (1:1.15:1.53:
1.63:1.91). Although formation of a gyroid morphology
is a rare case in these polymer—surfactant mixtures, it
is reasonable that the gyroid morphology is formed in
the aggregates with the composition slightly deviated
from that taking lamellar morphology.2°~3! In addition,
PSsul—-TMSAC(0.95) shows up to second-order diffrac-
tion peaks which are relatively assigned to 1:1.41.
Therefore, the PSsul—TMSAC(0.95) forms ordered sphere
morphology. Thus, the PSsul-TMSAC mixtures sys-
tematically change their morphology from lamellar to
sphere with increasing ®pssu1, although hexagonal cyl-
inder morphology is not observed. The characteristic
features of the PSsul-TMSAC(0.9) and -(0.95) mixtures
unaltered up to 70 °C (<Ty).

Figure 6 shows SAXS profiles of PSsul—
TMSAC(®pssui < 0.7) mixtures. At 70 °C, the PSsul—
TMSAC(0.7) mixture is in region IV and the other in
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Figure 4. Schematic representations of possible structures mesoscopically hybridizing two lamellar structures with different
periodic lengths. In (a) and (b), two lamellar structures are mesoscopically phase-separated. In (c), the lamellar with shorter
periodic length is involved in the lamellar with longer period. This type of hybridized lamellar structure is the so-called lamellar-

within-lamellar structure.
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Figure 5. SAXS profiles of the PSsul-TMSAC (®pssui = 0.9)
mixtures at 50 °C.

region 111 of Figure 2. Since T, of TMSAC is higher than
70 °C, the SAXS profile of TMSAC at 70 °C quite
corresponds to that at 50 °C. On the other hand, because
the PSsul-TMSAC(0.7) mixture is in the molten state
at 70 °C, the SAXS profiles are changed from that of 50
°C. The SAXS profiles of the PSsul-TMSAC(0.7) mix-
ture at 70 °C indicates a single lamellar structure with
3.8 nm of periodic length, while the lamellar-within-
lamellar structure is formed in the PSsul-TMSAC(0.7)
mixture at 50 °C. If the orientation of the TMSAC
molecules in the PSsul-=TMSAC(0.7) mixture is main-
tained above Tn, it is expected that diffraction peaks
attributed to the lamellar structure of molten TMSAC
are indicated. In fact, as shown later, TMSAC itself
forms lamellar structure above its Tn,. However, the
diffraction peaks attributed to lamellar structure of
molten TMSAC are not detected. Therefore, the orienta-
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Figure 6. SAXS profiles of the PSsul-TMSAC (®pssui < 0.7)
mixtures at 70 °C.

tions of chains of the TMSAC molecules vanished in the
molten TMSAC layer of the ionic PSsul-TMSAC ag-
gregate, and simply the lamellar structure cooperatively
constructed by the PSsul and the TMSAC is maintained.
PSsul-TMSAC(0 < ®pggy < 0.7) mixtures show four
diffraction peaks. These diffraction peaks of PSsul—
TMSAC(0 < ®pgsy < 0.7) mixtures can be subdivided
into two series. One is the peaks indicated as q; at 0.206
A-1 and 2q; at 0.412 A1 (series 1) and the other g, at
0.165 A~1 and 2q, at 0.331 A% (series 2). Series 1 and
2 quite correspond to the diffraction peaks of the
TMSAC and the PSsul-TMSAC(0.7) mixture. There-
fore, in the PSsul-TMSAC(0 < ®psgy < 0.7) mixtures,
different two lamellar structures of TMSAC and PSsul—
TMSAC(0.7) aggregate exist independently.

Figure 7 shows SAXS profiles for PSsul-TMSAC
mixtures at 110 °C, which corresponds to the molten
state in overall composition of the mixtures (region 1V
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Figure 8. Relation of mesomorphically ordered structure and
composition in the PSsul-TMSAC mixtures. L; and L, denote
lamellar structures of TMSAC and ionic PSsul-TMSAC ag-
gregate, respectively. G, S, and D represent gyroid, ordered
sphere, and disordered morphologies, respectively.

of Figure 2). In addition, Figure 8 indicates the relation
of mesomorphic structure and composition of the PSsul—
TMSAC mixtures. At 110 °C, TMSAC shows up to third-
order diffraction peaks which are relatively assigned to
1:2:3. Since the q position of first-order peak appears
at 0.181 A-1, TMSAC forms a lamellar structure with
3.5 nm of periodic length in molten state. Both the
PSsul-TMSAC(0.5) and -(0.7) mixtures indicate up to
second-order diffraction peaks which are assigned to 1:2.
Since the first-order diffraction peaks of both mixtures
appear at 0.165 A~1, the PSsul-TMSAC(0.5) and -(0.7)
mixtures form the lamellar structure with 3.8 nm of
periodic length, although compositions of the mixtures
are different. In addition, the periodic length of the
lamellar structure corresponds to that of the PSsul—
TMSAC(0.7) mixture at 70 °C. Therefore, the meso-
morphically ordered lamellar structure of PSsul—
TMSAC aggregate in the molten state is independent
of temperature and composition. PSsul-TMSAC(0 <
Dpssur < 0.5) mixtures show superposed SAXS profiles
of the TMSAC and the PSsul-TMSAC(0.5) mixture.
Therefore, in the PSsul-TMSAC(0 < ®pgsy < 0.5)
mixtures, different two lamellar structures of the TMSAC
itself and the ionic PSsul-TMSAC aggregate exist
independently at 110 °C. On the other hand, SAXS
profiles of PSsul—-TMSAC(®pssui > 0.7) mixtures indi-
cate drastic changes with variation of composition.
PSsul-TMSAC(0.9) mixtures show up to second-order
peaks relatively assigned to 1:1.15. Although higher-
order peaks indicated at 50 °C (region Il of Figure 2)
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Figure 9. (a) Change of SAXS profiles of the PSsul—
TMSAC(0.95) mixture with temperature. (b) Plot of the
reciprocal of the intensity of the diffraction peak at g = 0.16
A1 of the PSsul-TMSAC(0.95) mixture as a function of the
reciprocal temperature.

disappeared with elevating temperature, the SAXS
pattern attributed to gyroid morphology is also observed
at 110 °C. In addition, the PSsul-TMSAC(0.95) mixture
which forms an ordered sphere structure at 50 °C shows
only one diffuse peak. Therefore, it is considered that
the PSsul-TMSAC(0.95) mixture takes the ordered
sphere structure containing considerable disarray at 110
°C. Then, change of the SAXS profile of the PSsul—
TMSAC(0.95) mixture with temperature is investigated.

Figure 9a,b shows change of the SAXS profile and plot
of the reciprocal of the intensity of the diffraction peak
at q=0.16 A1 of the PSsul—-TMSAC(0.95) mixture with
changing temperature (T). A first-order diffraction peak
is observed at each temperature in the range of T < 110
°C, although the higher-order peak disappeared above
80 °C. Hence, the PSsul-TMSAC(0.95) mixture forms
ordered sphere phase below 110 °C. On the other hand,
the diffraction peak is drastically weakened above 110
°C. Therefore, when T > 110 °C, the PSsul-TMSAC(0.95)
mixture takes the disordered state. In addition, it is
considered that the PSsul-TMSAC(0.95) mixture main-
tain the ordered sphere phase, while the structure
contains considerable disarray. Figure 10 shows the
SAXS profiles of the PSsul-TMSAC(0.9) mixture at 110,
140, and 160 °C. As mentioned above, the PSsul—
TMSAC(0.9) mixture shows the SAXS profile attributed
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Figure 10. Change of SAXS profiles of the PSsul-TMSAC(0.9)
mixture with temperature.
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Figure 11. Phase diagram of the PSsul-TMSAC mixtures:
A, crystalline lamellar phases of TMSAC (K,); @, crystalline
lamellar phases of PSsul-TMSAC aggregate (K); #, glassy
state of PSsul-TMSAC aggregate with gyroid or sphere orders
(Gy); gray A, disordered glass state (Gi); 4, liquid phase of
TMSAC with lamellar order (L,); O, liquid phase (L) of PSsul—
TMSAC aggregate with lamellar order; gray <, L, with gyroid
order; O, L, with sphere order; gray O, disordered liquid phase
(L3); <>, Kl + Kz; H, Kl + L2; gray O, Ll + Lz.

to gyroid morphology at 110 °C. On the other hand, at
140 and 160 °C, the diffraction peaks attributed to
gyroid morphology disappeared, and the SAXS pattern
and intensity become similar to those of the PSsul—
TMSAC(0.95) mixture taking disordered phase. This
feature in the SAXS profiles of the PSsul-TMSAC(0.9)
mixture is already observed at 120 °C. Therefore, above
120 °C, the PSsul-TMSAC(0.9) mixture takes the
disordered liquid phase.
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Summarizing the results indicated above, we can
draw the phase diagram of PSsul-TMSAC mixtures as
Figure 11. The phase diagram of the PSsul-TMSAC
mixtures is essentially divided into 12 regions. Essential
characteristics are as follows. The PSsul-TMSAC(0.7)
mixture forms single ionic aggregate of PSsul and
TMSAC. In the ionic PSsul-TMSAC(0.7) aggregate, the
PSsul and the TMSAC cooperatively form hierarchical
lamellar-within-lamellar structure at low temperature.
Since the aggregation of the PSsul and the TMSAC is
maintained above T, the PSsul-TMSAC(0.7) mixture
forms a mesomorphically ordered lamellar structure.
When ®psgy < 0.7, the residual TMSAC for the PSsul—
TMSAC(0.7) aggregate assembles independently and
forms a crystal itself at low temperature. This phase
separation is maintained up to T, of the TMSAC. Above
Tm of the TMSAC, the residual TMSAC dissolves into
the TMSAC layer in the ionic PSsul-TMSAC aggregate
and the PSsul—TMSAC(®pssy1 < 0.7) mixtures become
to form a single mesomorphic lamellar structure with
elevating temperature. On the other hand, when ®psg
> 0.7, the PSsul-TMSAC mixtures cannot crystallize
due to the paucity of the TMSAC as a crystalline
component. However, in this area, the TMSAC is not
phase-separated from the PSsul due to sufficient ion—
ion interaction. Therefore, when ®psg, > 0.7, meso-
morphically ordered structures of the PSsul-TMSAC
mixtures change in order of lamellar, gyroid, and sphere
morphology with increasing ®pssuyl.
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