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Anisotropic Gelation Seeded by a Rod-Like Polyelectrolyte
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ABSTRACT: We previously discovered that isotropic monomer solution shows birefringence due to its anisotropic
structure after gelation in the presence of a small amount of rod-like polyelectrolyte. Here, we focus on what
mechanism is responsible for the formation of anisotropic structure during gelation. Various optical measurements
are performed to elucidate the structure change during gelation. The structure before and during gelation is in
situ observed by scanning microscopic light scattering, confocal laser scanning microscope, polarizing optical
microscope and depolarizing small angle light scattering. It is found that the existence of a large-size structure
in monomer solution with the rod-like polyelectrolyte is essentially important to induce birefringence during
gelation. The possible mechanism of the anisotropic structure formation during gelation seeded by a rod-like
polyelectrolyte is proposed based on the results of these observations.

Introduction sulfuric acid. It is considered that the lo@c* of PBDT is
originated from its polyelectrolyte nature and its complete

Tissues in living organisms contain a large amount of water = '3 "
rigidity in structure.

and are in a soft and wet gel-like state. These biological gels ) ) ]
have a well ordered structure, which plays a crucial role in the 1N our previous papef} we attempted to synthesize aniso-
normal functioning of the living organisnisS For example, ~ tropic gels with high water content, to mimic living organisms
myosin shows a liquid-crystalline (LC) structure in sarcomere, Py template polymerization of cationic monoms[3-(N,N-
which contributes to the formation and smooth motion of muscle dimethylamino)propyljacrylamide methyl chloride quarternary
fibers? Lipid bilayers show a phase transition between a LC (DMAPAA-Q) in the presence of anionic PBDT. We discovered
state and a gel stafen the LC state, the lipid bilayers allow that the gels shovy birefringence after gelation even at an initial
the efficient transport of molecules. On the other hand, the PBDT concentration well belowCic*. Furthermore, the gels
synthetic gels are usually amorphous, and rarely do they posses§haintain birefringence after swelling in a large amount of water.
a well-ordered structure. Thus, there have been several attempts In these gels, monomer solutions before gelation show no
at replicating the functionality of living organisms by introducing  birefringence because initial PBDT concentrati@r is lower
well-ordered structures into synthetic geétd# thanC,c*, indicating that the monomer solutions are isotropic.

In our previous work, by copolymerization of 1144 However, after gelation the gels show birefringence, indicating
cyanobiphenyloxy) undecyl acrylate (11CBA) and acrylamide that self-activated orientation from isotropic structure to aniso-
(AA) monomers, poly(11CBAs0-AA) LC hydrogels were  tropic one occurs during gelation.
synthesized 13 Poly(11CBAco-AA) gels swollen in water What mechanism is responsible for the formation of aniso-
display a smectic A statel? These gels show anisotropic tropic structure during gelation? In this paper, various optical
shrinking in one direction as the temperature increddes. measurements are performed to elucidate the structure change
Finkelmann and co-workers have succeeded in synthesizingduring gelation. The structure before and during gelation is
smectic A elastomers with uniform homeotropic orientafibn.  observed by scanning microscopic light scattering (SMILS),

Meanwhile, we have focused on synthetic polyelectrolyte
poly(2,2-disulfonyl-4,4-benzidine terephthalamide) (PBD¥)!6
PBDT is a unique polymer that has both rigidity and water
solubility. We have reported that agueous solution of PBDT
shows nematic liquid crystalline state above a critical PBDT
concentrationC c* of 2.8 wt %.17 This concentration is quite
lower than that of common lyotropic liquid crystalline macro-
molecules. For example, cellulose derivatifegnerally show
LC state withC, c* of about 20 wt % and synthetic polyalamide,
Kevlart® shows that withCi c* of about 10 wt % in concentrated
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transmission electron microscope (TEM), polarizing optical
microscope (POM), confocal laser scanning microscope (CLSM)
and depolarizing small angle light scattering (BBALS).
SMILS provide structural information in several nanometers to
severalum. POM characterizes the orientation of molecules
scale, and DPSALS characterizes oriented domain structures
in severalum to several tens of micrometers. The mechanism
of the anisotropic structure formation during gelation is dis-
cussed based on the results of these observations.

Experimental

1. Sample Preparation. Synthesis of PDMAPAA-Q Gels
Containing PBDT. PBDT is a water-soluble polymer with a rigid-
rod-like main-chain structure. It was synthesized by an interfacial
polycondensation reaction. The details of this procedure have been
published previously® DMAPAA-Q (Kohjin Co. Ltd.) was used
as the cationic monomer without further purificatioN,N'-
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methylenebis(acrylamide) (MBAA) (Wako Pure Chemical Indus- vertically and the scattered light was observed horizontally with
tries Ltd.) was recrystallized with ethanol and used as a cross-linker. polarizer, and here we call this depolarized setting as HV and the
Potassium persulfate (KPS) (Wako Pure Chemical Industries Ltd.) usual setting as VV in the following. On the basis of scattering
was recrystallized with water and used as the initiator. Water was theory, the translational diffusion coefficiebtis directly related
deionized and purified with 0.22 and 5 mm membrane filters before to gzr aD = 1/(g%tr), Whereq is the scattering vector ang is

use. Aqueous solutions with a prescribed amount of PBDT, the characteristic relaxation time at the peak of distribution function.
DMAPAA-Q, MBAA, and 0.1 mol % (to DMAPAA-Q) KPS were Then, the characteristic size of diffusing obje&tsan be estimated
prepared. These solutions were poured into reaction cells consistingfrom by using the EinsteinStokes equatio® = kgT/6n&, where

of a pair of glass plates wita 2 mmspacing. Radical polymeri- ks is the Boltzmann constant, is the absolute temperature, and
zation was performed at 6(C for 6 h. After gelation, the products is the viscosity of solvent.

were immersed in a large amount of water and allowed to reach an  Transmission Electron Microscopy (TEM) Observation. TEM
equilibrium state for a week. The swelling degree of the g@ls,  ohservation was performed using a JEOL (JEM-1200EX) instrument
defined as the weight ratio of the sample in its swollen state to its at 120 kv acceleration voltage. After preparation of the sample
dried state, was estimatétiThe dried samples were obtained by  solution, about 1@iL of the solution was dropped on carbon-coated
keeping them in a desiccator for 12 h and in a vacuum oven at grids (NISSHIN EM Co., Tokyo). After 3 min, 2% uranyl acetate
60 °C for 6 h. was added to the sample, and the grids were air-dried.

To synthesize gels with uniaxial orientation, we also performed  nfocal Laser Scanning Microscopy (CLSM) Observation.
the polymerization in high magnetic field. A direct current prirc japeled samples were sliced and placed on slide glass with a

electromagnet, which can generate 0.4 T magnetic field, was used.; 1\m s ;

) o pacer, and cover glass was placed on the spacer. This sample
The reaction cell contain2 M DMAPAA-Q, 2 wt % PBDT, 2 (g \yas observed by CLSM (MRC-1000 UV, Bio-Rad).

mol % MBAA was put in a glass bottle capped by rubber plug

with two holes punched in it. Two glass tubes were inserted into In Situ Structure Analysis During Gelation. In situ observation

the holes, and 68C water was circulated in the bottle by thermostat Of. the gelation was performed by SM”‘S.' crossed. polarizing
for 6 h. microscopy, and time-resolved small angle light scattering (SALS).

A reaction solution containjn2 M DMAPAA-Q, 2 wt % PBDT,

2 mol % MBAA, and 0.1 mol % KPS was poured into a reaction
cell consisting of a slide glass and a cover glashweit2 mm
spacing. The sample cell was placed in temperature controlled
sample holder (METTLER TOLEDO, FP82HT Hot Stage) and
observed by crossed polarizing microscope or measured by small
angle light scattering. Gelation was performed af60A typical
SMILS measuring time was 60 s, and the scattering angle was 40
Scanning measurement was performed at 11 points and repeated
33 times (363 min).

To observe PBDT distribution inside of the gels by fluorescent
technique, PBDT was modified with fluoroscene molecule, fluo-
rescein-4-isothiocyanate (FITC). FITC (Sigma-Aldrich Co.) and
dimethylsulfoxide (DMSO) (Junsei Chemical Co. Ltd.) were used
without further purification. A 0.2 g (0.5 wt %) sample of PBDT
was dissolved in 36 mL of DMSO in a 60C water bath. Then
0.014 g (0.1 mol % to PBDT) of FITC dissolved in 4 mL of DMSO
was added. The solution was stirred for 10 h. Then, 1 mL of water
was added, and the solution was stirred for 1 h. Dried polymer
was obtained by evaporating at 17 mmHg,°@) and by keeping

the samples in a vacuum oven at®Dfor 4 h. This polymer was In the time-resolved DPSALS measurement, we used a lab-

dissolved in water and reprecipitated by acetone. The precipitation Made simple SALS system. Laser source is 5 mW-Ne laser at

was filtered and then dried in a vacuum oven at°@for 4 h. 633 nm in wavelength. Scattering light was focused by converging

This reprecipitation process was performed twice. The FITC labeled /€ns and a profile was taken by CCD camera. Intensity of scattering

PBDT is denoted as PBDIFITC. light on concentric circle from center of profile was analyzed by
We coded the samples as @-v, wherex is the DMAPAA-Q image analysis software (NIH Image J).

monomer concentration in My is the PBDT concentration in wt ) )
%, andv is the MBAA concentration in mol % (against DMAPAA-  Results and Discussion

Q), respectively. Samples synthesized in the magnetic field are 1. Birefrin . ;
. gence of PBDT Containing Gels.Figure 1 shows
;oyc?lf_d':as QRey-v-M and FITC labeled samples are coded as QP- . 5 0 polarizing microscope images of the gels synthesized
: at various initial PBDT concentration and MBAA concentrations

2. Structure Characterization. Observation and Measurement .
with Polarized Optical Microscopy (POM). Samples were placed &t DMAPAA-Q monomer concentratioo = 2 M. All the as-

on a glass plate and the upper free surfaces were observed by @prep_ared gels show blrefnngence_eve_n that PBDT concgntratlon
crossed polarizing microscope (Olympus, BH-2) at room temper- Cic is well belowC c* as shown in Figure 1a. As mentioned
ature. BirefringenceAn, was measured by a crossed polarizing above, the solutions before polymerization show no birefrin-
microscope with a Berek compensator from the retard&fidn. gence becaus€ ¢ is well below C c*. The birefringence
the measurement, many microscopic domains randomly orientedemerges during polymerization. The birefringence of as-prepared
in the bulk were observed. We chose one of large domains andge|s decreases with the decreas€ip. After swelling in large
selected its orientation direction by turning the sample under the gmount of water, all the gels still maintain birefringence as
crossed polarizing microscopan was the average of five or six shown in Figure 1b. This is interesting because PBDT concen-
measurements at different domains for each sample. . ;
tration in the gelsC,c, decreases when the gels are swollen in

Dynamic Light Scattering (DLS). Scanning microscopic light L .
scat)t/erin§3*26 ?SMILS) ena%lfas ug to scan e({:’nd measurpe atgmany water. In other words, the birefringence decreases by swelling,

different positions in the sample, in order to rigorously determine Nowever, which is not directly proportional to the decrease of

a time- and space-averaged, i.e., ensemble-averaged, (auto-)PBDT concentration by the swelling. When initiglc is
correlation function of concentration fluctuating in sample. Samples 2 wt %, the maximum size of oriented domains is about 1 mm

were prepared with special care to get rid of dust. A-He laser under the crossed polarizing microscope, as shown in Figure
(633 nm in wavelength) was used as the incident beam. The typical 1a. This size is as large as the thickness of the gel. Furthermore,
measuring time was 90s and scattering angles were 40, 60, 90, andhe oriented domain size becomes larger after swelling.

125°. The temperature of the sample was regulated at@0 . .
Scanning measurement was performed at 31 points for each sample Figure 2 show<ic calculated from the swelling degré

to determine ensemble-averaged dynamic structure factor. The2S function of cross-linker concentratioms v decreases,
determined correlation function was transformed to the distribution the swelling degre® of the gels increases and this leads to a
function of relaxation time by using numerical inversed Laplace decrease iiC.c in the gel. The lowes€, ¢ is only 0.004 wt %,
transform calculation. The same SMILS system was used for which is 1/700 of C.c*. Nevertheless, the gel still shows
depolarized DLS, where the polarized incident beam was set birefringence, as shown in Figure. 1b. This indicates that
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Figure 1. Polarizing optical microscopic images of the anisotropic gels synthesized at various PBDT and MBAA concentration while keeping the

Crosslinker concentration v (mol%)

DMAPAA-Q concentration as constant@, = 2 M: (a) as-prepared gels; (b) equilibrium swollen gels in water.
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Figure 2. PBDT concentration in the gel€, ¢, as a function of initial
cross-linker concentration Open plots ar€, ¢ of the as-prepared gels
and closed ones are those of the equilibrium swollen gels. Broken line
stands for the lower critical LC concentration of PBDT solutiGng*.

Cic in feed is ©, ¢) 0.2 wt %, O, ®) 0.5 wt %, (0, B) 1 wt %, (a,

A) 2 wt %, and ¢, ¥) 10 wt %. All the gels were synthesized @
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Figure 3. Birefringence,An = n; — ng, of the anisotropic gels
synthesized with various cross-linker concentratiorand PBDT
aqueous solutions as a function of PBDT concentratps, Key: (O)

v =0.5mol %; @) » = 1 mol %; () v = 2 mol %; @) PBDT

aqueous solution.

anisotropic gels can be obtained by polymerization with a very
little amount of LC macromolecules as seeds.

Figure 3 shows the birefringenc&n = n; — np, of gels and
the PBDT aqueous solutiorn of the gels is as large as that
of PBDT aqueous solutions arou@ic*, although the values
of C.c of the gels are much lower than of PBDT aqueous

S00pm

gel
Polarity

etic field

P
A: Analyzer

Figure 4. Polarizing optical microscopic images of the anisotropic
gel, QP-2-2-2-M, synthesized under high magnetic field: (a) before
swelling; (b) after swelling. The gel shows dark and bright images for
every 45 rotation, indicating a uniaxial orientation structure.

Magn|

P: Polarizer

solutions. This means that the large of the gels is caused
not only by the orientation of PBDT but also by the cooperative
orientation of PDMAPAA-Q with PBDT. PDMAPAA-Q may
align along PBDT, where PBDT behaves as a seed for the
orientation during polymerization to form a kind of anisotropic
structure. For a constant cross-linker concentratiokn in-
creases a€| c increases. It is interesting to find that at the same
Cic, Anincreases as decreases. This result indicates that a
loose cross-linking structure favors the anisotropic orientation
of molecules.

We further tried to utilize a magnetic field to induce uniaxial
orientation in the gels. Figure 4 shows polarized optical
microscopic images of the gel QP-2-2-2-M synthesized under
a 0.4 T magnetic field. As shown in Figure 4a, polarized optical
microscopic images of the gel show dark and bright images in
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Figure 5. Correlation functionAg(r) (closed circle), and distribution
function of relaxation timeR(zr) (open circle), of the PBDT solutions
and the PBDT solutions containing DMAPAA-Q-(d), observed by
scanning microscopic light scattering at scattering angfe Kéy: (a)
QP-0-1; (b) QP-1-1; (c) QP-2-1; (d) QP-2-2.
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Table 1. Correlation Length Calculated from the Distribution
Function of Relaxation Time Measured by Scanning Microscopic
Light Scattering

Figure 6. Transmission electron microscopic images of PBDT

sample peak 1 (nm) peak 2 (nm) association, prepared by casting of the solutions: (a) QP-0-0.5 and (b)
QP-0-0.5 none 72 QP-1-1.
QP-0-1 none 126
QE‘?‘? ngf g’fg we observed the scattering-angle dependence and confirmed that
8P:1:2 239 518 all the observed relaxation modes hayedependence. All the
QP-2-2 23.3 1170 relaxation modes come from translational diffusion processes.
QP-1-1 HV weak 395 P i
OP-2-2 HV very weak none From the relaxation times observed by DLS, the characteristic

sizes are estimated as shown in Table 1. For 0.5, 1, and 2 wt %
0 and 48 directions, respectively, confirming that molecules PBEI)(-I—. SO'Et'OnS v(\jnthout DMAZAA'? mpnomefr%gnel;egaxatéog 64
oriented in one direction in the gel. The gel maintains this peak 1S observed, corresponding to Sizes o » 19, and St

uniaxially oriented structure after swelling in water as shown NM: réspectively. Here we assume that the change in viscosity

in Figure 4b. A PDMAPAA-Q gel without PBDT synthesized ©f solution is small by addition of DMAPAA-Q. Then the
under a magnetic field shows no birefringence. characteristic lengthR of structure in solution are estimated

2. In Situ Structure Analysis before and during Polym- by the Stokes Einstein formula with thg viscosity of pure water
erization. The Existence of a Large Structure before Po- at SOOC.'% In the case .Of Hv qbservatlor_l, we als_o use t.he same
lymerization. In order to elucidate the structure formation estimation for translational with neglecting rotational diffusion,
mechanism of the present anisotropic gels, we first studied the Pecause th_e rotational component of relaxation process cannot
structure of PBDT and DMAPAA-Q mixing solution before P& determined although we tried to calculate it from the
polymerization with DLS. The correlation functiohg(t) and ~ Scattering angle dependence of relaxation modes. The result
the distribution function of relaxation tim@(zg) are shown in indicates that the observed characteristic size depends on the
Figure 5. The DMAPAA-Q monomer solution without PBDT ~ PBDT concentration and it suggests that in the PBDT solutions
shows no characteristic relaxation in DLS (not shown here). rigid PBDT forms molecular association, whose size increases
However, PBDT 1 wt % solution without DMAPAA-Q mono-  as the PBDT concentration. Here, the contour length of a PBDT
mer shows a relaxation peak at the relaxation tiraeof around molecule is calculated as 160 nm from the polymerization degree
102 s, as shown in Figure 5a. When DMAPAA-Q monomer (N = 100). Thus, the characteristic size of a PBDT in solution
is added to PBDT solution, two relaxation peaks appear asis expected as small as several tens of nanometers, which is
shown in Figure 5b-d. The peak of the long relaxation time is ~ consistent with the observed characteristic sizes 6f362 nm
similar to that of the 1 wt % PBDT solution without DMA-  when these sizes comes from the molecular association of
PAA-Q monomer as shown in Figure 5a. For all the samples, PBDT.
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Figure 7. Polarizing optical microscopic images of the anisotropic
solutions ¢ = 0) and gels ¥ = 2 mol %) synthesized at different
DMAPAA-Q monomer concentration. InitiaCc = 2 wt %. The
inserted photos are the appearances of these samples. Key: (a) QP-
2-0; (b) QP-2-2-0; (c) QP-1-2-2; (d) QP-2-2-2.
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By addition of DMAPAA-Q monomer to the PBDT solution,
two relaxation peaks appear. For these mixed solutions of PBDT
and DMAPAA-Q, the observed characteristic sizes of the long
relaxation peaks are much larger than the m0|eC_U|ar size of Figure 8. Confocal laser scanning microscope images of the as-
PBDT. Thus, we consider that PBDT forms a large-size structure prepared and swollen complex gels synthesized at different DMA-
in the presence of DMAPAA-Q monomer, which is rather PAA-Q and cross-linker concentrations. Key: (a) QP-1-1-2-F; (b) QP-
different from the molecular association observed in PBDT 2-2-2-F; (c) QP-1-1-8-F. Charge ratios of @ are the same at 1/26.
solution without DMAPAA-Q. Such a large structure is made ggsociate. The large-sizes observed by DLS in Figure 5 are
from highly charged rigid polyelectrolytes of PBDT, which is  assigned to the association of PBDT. On the other hand, Figure
not chemically cross-linked but physically interacted (or as- gp shows the network-like structure of PBDT on the grid. It
sociated) in the presence of a large excess of counteriongyggests that PBDT also make this kind of network-like structure
monomer of DMAPAA-Q to effectively screen the electrostatic  of the association with DMAPAA-Q monomer in solution. The
repulsive force among PBDT. The small sizes of the short short characteristic length estimated from the fast relaxation
relaxation time is much smaller than the molecular size of moge observed by DLS above is assigned to the mesh size of
PBDT, and therefore should be related to the correlation length the network-like structure. Although the actual structure of
of the inner structure in large-size structure, which corresponds pgpT association in water might be somewhat different from
to a kind of network-like structure mentioned below. Itis noted the TEM images, we conclude that PBDT forms a specific large
that the characteristic size of the large structure becomes largefsrycture in solution before gelation.
than the wavelength of incident light (532 nm) and the condition  aqditionally, we perform the depolarized DLS in HV for the
of gR > 1 is right, so that we observe the relatively fast mixed solutions to confirm whether the relaxation modes
relaxation mode of inner structure in large-size structures. Sincegriginated from the optically anisotropic structure or not. The
the fast mode also hag dependence, it can be assigned to a correlation function for HV is not shown here. As shown in
kind of cooperative diffusion process of network-like structure Tapje 1, for 1 wt % PBDT ath 1 M DMAPAA-Q mixed
in an associated large-size structure. It means that this fast mod&o|ytion, the long relaxation mode is easily observed; however,
is different from theq® dependence inner-relaxation modes the short relaxation mode is too weak to be observed. It means
assigned to the Zimm model in good solvent and also different tha¢ the long relaxation mode comes from the optically
from ¢g-independent nondiffusive relaxation mode such as anjsotropic structure. On the basis of the above consideration,
subchain motion in glassy polymer system. Thus, we consider thjs result suggests that the large-size structure assigned by the
that the characteristic lengths of peak 1 in Table 1, which are |ong relaxation mode should be optically anisotropic. On the
estimated by the Stokestinstein formula, correspond to the  other hand, the short relaxation mode is related to an almost
size of network-like structure in the large-size structure of sotropic structure, and therefore the fast mode observed by usual
PBDT. DLS comes from the isotropic inner structure. For 2 wt % PBDT

To confirm the light scattering results, we tried to observe and 2 M DMAPAA-Q mixed solution, any obvious character-
the structure of molecular association by TEM. Figure 6 shows istic mode is no longer observed by depolarized DLS. It means
the TEM photographs of molecular association of PBDT. Figure that the optical anisotropy may diminish as the whole size of
6a shows the particle-like aggregate of 0.5 wt % PBDT dispersed the large-size structure increases much larger than the molecular
on the grid, in which rod-like fibers can be seen. It suggests size of PBDT, where the rigidity of PBDT loses the effect of
that PBDT even without DMAPAA-Q monomer tends to orientation induction.




2482 Shigekura et al. Macromolecules, Vol. 40, No. 7, 2007

@
1 L T T T T 2
0.8 15
0.6} (b)

0.2

0.8 .o 6~14min

06} 1 Stned 0
04} los

0.2

[ 33~44min
0 -ilnqél..u
1 T T T T 1.5 1

Correlation function Ag (7)
(%) uorjouny uonnqrysiq

08] 0.8
06| 11 o6
04} s 04
0.2} 55~66min Co02

0. 00| 0 0

1 1 1

os | los 03

0.6% 106 0.6 1Y

04 loa 04l \ 8‘2

02 02 02F :
o [es3~264min, }[ 253-264min 02

B0 a0
10°10° 10* 10° 107 10" 10° 10

(=]

1 1

10° 10° 10 10° 107 10" 10° 10
Relaxation time 7 (s)

Figure 9. Correlation functionAg(z) (closed circle), and distribution function of relaxation tinfzr) (open circle), observed by in situ scanning
microscopic light scattering at scattering angle of d0ring gelation of QP-2-2-2. Key: (a) VV; (b) HV.

Thus, we have found that there exists a large-size structureHowever, local thin birefringence of threadlike shape can be
in rod-like polyelectrolyte PBDT and cationic monomer DMA-  observed, which correspond to a different kind of anisotropic
PAA-Q mixed solution even before polymerization. Here we structure of PBDT. The appearance of solutions is transparent
consider the interaction between PBDT and DMAPAA-Q. The at high concentrations of DMAPAA-QCp = 2 M) in the inset
charge density of PBDT is not so dense (two anions per of Figure 7a, but become slightly turbid &, = 1 M in the
repeating unit of~16 A length) that Manning condensation does inset of Figure 7b. It suggests that the DMAPAA-Q concentra-
not take place. When the large amount of cationic monomer tion is critical to maintain the transparency during polymeri-
DMAPAA-Q is added to the PBDT aqueous solution, the zation. As shown in Figure 7, parts ¢ and d, in the addition of
monomer does not condense around PBDT and simply behaveghe cross-linker, birefringence of samples is observed at high
as a salt, to decrease Debye screening length and weaken theoncentrations of DMAPAA-Q Go = 2, 3M), but is not
repulsive force among PBDTSs. This salt effect of the monomer observed at low concentration€4 = 0.5, 1 M) (where the
induces the formation of large-size associated structure of PBDT.results ofCqo = 0.5, 3M are omitted here). These results mean
Such a structure should behave as seed for self-orientationthat both cross-linker and high concentration of cationic
process in the anisotropic gel formation. It is noted that this monomer are indispensable to the birefringence. Further, as
phenomenon is essentially different from usual template effect shown in the insets of parts ¢ and d of Figure 7, the appearance
although we had called it “template polymerization” in the of samples is transparent@ = 2, 3 M but becomes slightly

previous study? turbid atCq = 0.5, 1 M. On the other hand, the gels prepared
The Effect of Cross-Linker and Cationic Monomer on the at Regpr = 1 with a small amount of DMAPAA-QCq = 0.08
Birefringence and Network Structure after Polymerization. M, become completely white, due to the formation of polyion

Next, we focus on how the reacted solution changes after complex. These results indicate that at high concentration of
solution, depending on the presence of cross-linker and the DMAPAA-Q, the large-size structure composed of PBDT and
concentration of cationic monomer. Figure 7 shows the differ- DMAPAA-Q causes a kind of disperse stability of the structure
ences in both birefringence and appearance after polymerizationitself due to the excess amount of cationic polymer with a little

In Figure 7, parts a and b, any large-size birefringence relatedamount of PBDT, which prevents the progress of phase
to anisotropy in solution is not observed without a cross-linker. separation, and then transparent, anisotropic gels are prepared.
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This gelation process is rather different from the usual polyion- 10min prery
complex formation in simple mixing of polyanion and polyca-
tion, while we had called the gels “polyion-complex gels” in
the previous stud§P

To study the PBDT distribution in anisotopic gels, fluorescent- 120min 180min
probe-attached PBDT is prepared and anisotropic gels are
prepared with it. Figure 8a shows the CLSM observation of
the gels. In the slightly turbid gels preparedCat= 1 M, PBDT
is distributed heterogeneously, and its characteristic size is about
a few micrometers. As shown in Figure 8b, in the transparent
gels prepared a€Cqo = 2 M, the fluorescent intensity looks
homogeneous. It indicates that the distribution of PBDT in the _. . . L . )

. - . - Figure 10. Crossed polarizing microscopic images at different reaction
transparent, anisotropic gels is very homogeneous in severakime of Qp-2-2-2.
micrometer scales. On the other hand, when the cross-linker
concentration increases four-times larger in the slightly turbid 100
gels prepared afqo = 1 M, the characteristic size of hetero-
geneous distribution of PBDT decreases, as shown in Figure
8c Also, Figure 8c shows that the characteristic size of inner
structure in polymer gels grows by swelling. On the basis of
the CLSM observation, a suitable amount of cross-linker and
the high concentration of counterionic monomer are important
for the highly transparent but anisotropic gels by polymerization
with a small amount of rod-like polyelectrolyte as seed.

In Situ Observation During Polymerization Reaction.
Figure 9 shows in situ observation by DLS in both VV and 0
HV during gelation process for QP-2-2-2. It is found that
correlation function profile begins to change just after the start
of reaction. The long tail of the slowest relaxation process

Intensity
Lh
=

2 3 S e

40 L] L] L) L)

(>1° s) in the correlation function emerges in both VV and ——242 (um)

HV, which is a characteristic sign of the formation of huge > 0183 a /
anisotropic structure due to gelation. However, its size is ranged :Iw. 30F =175

out of the measurable window of in situ DLS in the present fd A15.2 ,
condition; thus, the true relaxation time of the slowest mode = 20k it i F/"O N
may slow down while the apparent relaxation time looks § ‘,V'_,.A.
constant at around 1G. Simultaneously, the profiles of the .8 ;/’ A,
other peaks change as the reaction proceeds. Finally, the ?3 10 “\ /B",-""
relaxation profile does not change after 60 min. It means that = ol ,.._-1::"

the network structure percolates at around 60 min. Apparently o 09 4 Sy

the fluidity of the sample is lost at 38660 min with the tilting Tl . ! :

of the test tube and this simply observed result corresponds well 0 60 120 180 240 300 360

to the DLS observation. Further, it should be noted that the
reaction does not completely finish after the percolation. From i 11 Depolarizi Il andle liaht scattering duri lati

S i ; ; igure 11. Depolarizing small angle light scattering during gelation
in situ DLS .Obser.vatlon’ the formation of ngtwork struct.ure of QP-2-2-2. (a) Intensity of scattering light as a function of scattering
proceeds quite quickly compared to the reaction process in thegngie at various reaction times. (b) Reduced intensitys lo, as a
gel. function of time for various scattering size. The numbers in part a are

- - . . r ion times in min nd in par re char ristic &ii
As shown in Figures 5d and .9a, there exist twg relaxation ﬂerfllcégtirgateeds from thueteic:ttgringp:ntgll?é;)ye tﬁearzggoﬁt gfgf
modes at around 18and 101°sin VV of DLS. As discussed  /(2nsin(6/2)).
above, the slower mode at around1s is assigned to a large-
size structure and the faster mode at around® 0s assigned  of the network-like inner structure of PBDT in the large-size
to the inner structure in the large-size structure. It is noted that strycture.
in HV of DLS there is no obvious relaxation mode observed  Figure 10 shows crossed polarizing microscopic images
before polymerization. However, just after the beginning of during gelation of the sample solution of QP-2-2-2. Birefrin-
polymerization, the characteristic relaxation mode at aroundl 10 gence appears at 30 min and increases its intensity with
s intensively appears and subsequently diminishes as the reactiothe reaction time later. It means that large-scale anisotropic
progresses. It strongly suggests that the large-size structure islomain is formed when the infinite network structure is formed
optically isotropic before polymerization at the present condition by the percolation, based on the in situ DLS results shown in
of QP-2-2-2, however the large-size structure becomes optically Figure 9. The fixing of the molecular orientation to the finite
anisotropic just after the beginning of polymerization. The self- network structure by cross-linkage may be crucial.
orientation process in the large-size structure should occur due Figure 11 shows the results of in situ depolarizing small angle
to the long-range interaction induced by polymerization. Ad- light scattering (DP-SALS) of the reaction solution of QP-2-
ditionally, around the beginning of polymerization 10 min), 2-2. Figure 11a shows the intensity of scattering light as a
the faster mode at 18 s observed by VV is diminishing  function of the scattering angle estimated by distance from the
apparently, which corresponds to the decrease of the fluctuationscattering center at various reaction times, and Figure 11b shows

Time (min)
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the normalized intensity of scattering light as a function of

. . . . . . . ()
reaction time for various scattering sizes. The intensity of PBDT m + DMAPAA-Q
scattering light becomes stronger after-@20 min, indicating n s . .,
that oriented structure of several tens of micrometers in size ‘ © n" .

increases as the reaction time proceeds, after the disappearanc /
(€)

of the fluidity of molecule by percolation. Furthermore, the o nM}‘
intensity of scattering light becomes less intensive -3860
min later. This indicates that the oriented structure is disturbed
by the following cross-linking reaction. It shows similar results
as Figure 3 wher\n increases as decreases.

It should be noted that two important phenomenon are

observed from the results of in situ BISALS. First, comparing PBDT 1wt.-% and DMAPAA-Q 1M _~ (DLS, TEM)
Figure 11 with Figure 9, the reaction time is faster than the |Sefution before polymerization / PBDT 2wt% and DMAPAA-Q 2M
orientation time. This result indicates that inhomogeneities of omn [ 0 A ¢ <10 min (DLS)

=0 min . -

the gels by phase separation and aggregation are prevented b| ps) »
cross-linkage because there are no characteristic lengths assigne
to the phase separation or aggregate structure for QP-2-2-2. o
Second, the long-range correlation due to cross-linked structure '

is observed, which causes the long-range orientation in a large- d
size domain ¥ 24 um). Both effects can effectively contribute
to the creation of the transparent and anisotropic gels with a ®
little amount of PBDT.

We will now suggest a more detailed description of the
mechanism for polymerization of anisotropic gels, as illustrated | ¢=30~60 min
in Figure 12. Highly charged rigid anionic polyelectrolyte PBDT (DS, POMD
tends to form molecular association in water without any
additional chemicals although the concentration of PBDT is L2uring polymerization
lower than the critical concentration of emergence of nematic Figure 12. lllustration of the mechanism for polymerization of
behavior C* c. In addition of counterion cationic monomer anisotropic gels by using a very small amount of rod-like polyelectro-
DMAPAA-Q, PBDT forms a lrge-size stucture ke a physi. - 15 (8o sssegsiors ofiod e poisecioie 1wt o
cally cross-linked mlcroggl. At the low _concentratlon of terion monomer, where the arrgw means anisot?opy and the small circles
DMAPAA-Q, the formed microgels have anisotropy due to the indicate mesh structure. (c) Grown network-like structure losing
rod-like shape of PBDT. As DMAPAA-Q concentration in-  anisotropy. The large circle indicates the size of the structure. (d) Before
creases, the size of the microgels becomes micrometer-scaleiiao%metﬂéalg?n-e“g;;b%g;g‘e(gsg?&?&rtgg ?:L%Wb?eiﬁgfnnoo?mcs)?trrr?g%
”".'“‘?h. larger thaf‘ the Slz€ of P.BDT and the anisotropy zastioﬁ. The a%row in the circle means the emerggence ?and ICg;]ro)\//vth of
diminishes due to isotropic network-like structure of several tens gpisotropy. The thick line means the counterion polymer network. (f)
of nanometers. Before gelation, the microgels have little or no Structure around the gelation point. Dashed line of the circle indicates
anisotropy and random orientation. So the pregel solution showsthe diminishing the boundary around the large-size structure and
an amorphous (isotropic) state. When the gelation reaction starts ¢mbedding in finite network of counterion polymer. (g) Final oriented
such microgels start to behave as seeds for self-orientationGlomaln structure in homogeneous anisotropic gels.
process, and large amount of cationic monomer polymerizes
inside and around the microgels. The emerging excess cationicanionic polyelectrolyte, anisotropic gels were obtained. In these
polymers with PBDT microgels form anisotropic structure, Cases, the monomer solution before gelation shows no birefrin-
where the excess cationic polymers prevent the progress of phasg@ence; however, the gel polymerized at high DMAPAA-Q
separation before the percolation of gelation. Since the aniso-concentration keeps transparent and show birefringence. After
tropic structures are homogeneously cross-linked by connectionswollen in a large amount of water, the gels maintain birefrin-
to each other during gelation, the solution is gradually getting gence even when the PBDT concentration in the gels is 1/700
oriented enough to show birefringence as a result of formation of C.c*. An of the swollen gels is as large as that of PBDT
of infinite network structure, although we have no clear idea aqueous solutions abo@c*, although theC,c in gels is much
about why the anisotropy emerges and grows during gelation. lower than for PBDT aqueous solutions. Furthermore, it is found
However, we think the formation of anisotropic structure with that the uniaxially oriented anisotropic gels are synthesized under
rod-like polyelectrolyte PBDT from the large-size structure high magnetic field. This is important for industrial application
existed before the start of polymerization is crucial for it. because uniaxially oriented gels will induce anisotropic proper-
Further, both the cross-linking reaction and the excess of cationicties of mechanics, transport, and so on. By using various
polymer prevent macroscopic phase separation. Because of thosétructure characterization techniques, it is found that, for the
effects, the synthesized anisotropic gels can keep their highly self-orientation process during the formation of the anisotropic
transparency and anisotropy, and also can maintain birefringencegels, the existence of a large-size structure formed by rigid-rod
after swelling in a large amount of solvent. In these processes,PBDT in monomer solution before gelation is crucial, which
a novel kind of anisotropic gels is synthesized from isotropic plays an important role in gelation as an effective seed growing
monomer solution with a quite small amount of rigid-rod anistropic structure. Further, the cross-linking reaction in the

macromolecule seeds. presence of the anisotropic structure is essentially important for
) this self-orientation. Such a self-orientation process by inter-
Conclusion molecular interaction or cross-linking reaction has many analo-

By copolymerization of an excess amount of cationic gies with the formation of well-ordered structure in living
monomer and cross-linker with a little amount of rod-like organisms, where the existence of a large-size seed may be also
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important similarly to the present anisotropic gels. It is possible (10) Kaneko, T.; Yamaoka, K.; Gong, J. P.; OsadaMacromolecules
that the role of the self-organization of rigid-rod polyelectrolyte 2000 33, 4422. ' .
in living organisms will be extensively revealed by clarifying (11) Yamaoka, K.; Kaneko, T.; Gong, J. P.; OsadaMéacromolecules

h d eff f rod-lik lyel | der the f . 2001, 34, 1470.
the seed effect of rod-like polyelectrolyte under the formation (12) Yamaoka, K.; Kaneko, T.; Gong, J. P.; Osada,L¥ngmuir 2003

of the oriented structure in anisotropic gels. 19, 8134.
(13) Kaneko, T.; Yamaoka, K.; Osada, Y.; Gong, JMacromolecules
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