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Abstract 

        Diffusion of multivalent metallic ions into aqueous solution of rigid, negatively charged 

macromolecules of high concentration is an effective approach to prepare macroscopically 

anisotropic hydrogels. However, the mechanism for superstructure formation is still not clear. 

By observing the mixing process of a small drop of CaCl2 solution with solution of a rigid 

polyanion, poly(2,2'-disulfonyl-4,4'-benzidine terephthalamide) (PBDT), under the polarizing 

optical microscope, the diffusion profile of Ca
2+ 

and detailed anisotropic gelation process of 

PBDT are revealed. Diffusion of Ca
2+

 into the surrounding PBDT solution immediately 

induces the formation of physical liquid crystalline (LC) gel with concentric alignment of 

PBDT. The thickness d of this region increases with diffusion time t, obeying the diffusion 

law d ~ t
1/2

. A thin ring of constant width (~100 μm) with radial alignment of PBDT appears 

at the diffusion/reaction front, ahead of the concentric alignment region. When two drops of 

CaCl2 fluxes meet, their outside thin rings interact with each other and the PBDT in this 

contacting region orients ±45
o
 to the midline of the two drops. From these observations, we 

rationally contend that the internal stress induced by the contraction of gel phase is 

responsible for the ion diffusion-induced PBDT orientations. This structure formation 

mechanism gives insight into other diffusion-directed anisotropic gelation systems. 
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1.  Introduction 

        Hydrogels, a class of soft and wet material, have attracted increasing attentions due to 

their similarity to soft biotissues, excellent responses to external stimuli, and promising 

applications in drug delivery systems, tissue engineering, soft actuators, etc.
1
 However, the 

conventional hydrogels are amorphous with isotropic matrix, resulting in absence of many 

functions such as anisotropic optical or mechanical properties. In contrast, soft biotissues 

usually possess well-ordered structures of biomacromolecules, endowing the living organisms 

with excellent functionalities.
2
 Many efforts have been made towards developing ordered 

structures at different scales in hydrogels prior to or during the gelation process, such as by 

molecular self-assembly, self-segregation, phase separation, and by applying electric or 

magnetic fields.
3
 These ordered structures render hydrogels with versatile additional 

functionalities.
3b,3f

 

        Reaction-diffusion (RD) process is another facile approach to develop physical 

hydrogels with controllable ordered structure, especially in macroscopic scale.
4
 In RD process, 

diffusion and reaction compete and lead to formation of intricate periodic structures. Classic 

examples are the formation of periodic precipitation or minerals when two solutions with 

different solutes diffuse and react in a gel matrix.
4a

 In recent years, RD process has been 

applied to develop macroscopically anisotropic liquid crystalline (LC) hydrogels.
5,6

 Dobashi 

et al. have found that the diffusion of multivalent metallic ions induces biomacromolecules 

such as DNA and curldan to form physical hydrogels with ordered structure.  Later, we also 

found that diffusion of Ca
2+

 ions into aqueous solution of negatively charged rigid polyanion, 

poly(2,2'-disulfonyl-4,4'-benzidine terephthalamide) (PBDT), leads to the formation of a 

physical hydrogel with orientation of  PBDT perpendicular to the diffusion direction of Ca
2+

. 
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Furthermore, a very thin layer that showed opposite orientation to the anisotropic gel 

appeared at the diffusion front.
6b 

However, the structure formation mechanism has not been 

fully revealed. Yokoyama et al. have prepared an anisotropic alginate hydrogel by extruding 

sodium alginate aqueous solution from a tube to a solution containing multivalent metallic 

ions.
7
 They found alginate molecules aligned perpendicular to the total flow direction, which 

was ascribed to diametric expansion and longitudinal shrinkage of the gel.  

        To reveal this specific structure formation mechanism, an in situ observation of the 

ordered structure formation is indispensable. In this paper, we present a simple method to 

observe in situ the anisotropic gelation during the RD process within a short time and space 

frame and to reveal the structure formation mechanism of rigid polyanions. A small drop of 

CaCl2 solution is dripped to a PBDT solution film placed on a slide glass. The radial diffusion 

of Ca
2+

 into the surrounding region induces PBDT orientation and gelation. Owing to the 

small size of samples, PBDT orientations could be clearly identified from the birefringence by 

in situ observation under a polarizing optical microscope with a 530 nm tint plate. In addition, 

scanning electronic microscopy (SEM) with energy dispersive spectroscopy is applied to 

observe the "frozen" diffusion features and molecular distribution of a dry sample, which is 

prepared by quickly evaporating all the solvent. The results suggest that the syneresis 

contraction of the gel phase, which induces the internal stress at the sol-gel interface (the flux 

front of Ca
2+

), is responsible for the PBDT orientations. 

        Previous studies require long time to form bulk anisotropic hydrogels and thus it is 

massive work to systematically study the effect of various parameters, such as ion 

concentration and polymer concentration, on the structure formation.
5,6,8

 The simple method 

presented here greatly simplifies the RD experiment and makes the study of diffusion profile 
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more efficient. Another advantage of this method is that it permits us timely 'freezing' the 

structure by quickly evaporating all the solvent via heating, when one surface of the system is 

open to air. The method described in this work is applicable to other diffusion directed 

gelation process, such as diffusion of acidic/basic agents induced gelation of small molecules 

or macromolecules.
5,7,9

 

 

2.  Experimental Section 

Materials 

        PBDT, a water soluble rigid polyanion, was synthesized by an interfacial 

polycondensation reaction.
10

 The synthesized PBDT has a weight-average molecular weight, 

Mw, of 2.1 × 10
6 

g/mol; its aqueous solutions have a crossover concentration, C*, of ~0.2 wt% 

and a critical low concentration of nematic phase, CLC*, of 2 wt%.
6b,11

 Calcium chloride, 

palladium chloride, ferric chloride, and sodium chloride (Wako Pure Chemical Industries, 

Ltd.) were used as purchased. Milli-Q (18.2MΩ cm) water was used in all experiments. 

In situ observation of PBDT superstructure formation during the diffusion process 

        A drop (25 μL) of PBDT solution with prescribed polymer concentrations, CP, was 

dripped by a syringe onto a slide glass at ~20 
o
C; the solution spread to a thin film with 

diameter and thickness of about 1.5 cm and 150 μm, respectively. Subsequently, a drop (5 μL) 

of CaCl2, BaCl2, or FeCl3 solution with a prescribed concentration was dripped on the central 

part of the PBDT solution film (Figure 1a). The bottom of CaCl2 drop immediately became 

turbid once it contacted with the PBDT solution, indicating that some Ca
2+ 

ions formed 
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complex with PBDTs. As other free Ca
2+

 ions diffused into the surrounding PBDT solution 

and formed complex with PBDTs, the turbid area gradually increased. The whole process was 

observed in situ under polarizing optical microscope (POM; Nikon, LV100POL) with crossed 

polarizers. A 530 nm sensitive tint plate was inserted to identify the orientations of PBDT.
6b,12

 

Photo images were taken every 10 s for 10 min until the diffusion flux front reached the edge 

of the microscope view. Images were also arranged into movies using video editing software. 

 

Figure 1. (a) Schematic for the experimental diffusion of Ca
2+

 into PBDT solution. After one 

drop of CaCl2 solution is dripped onto the central part of PBDT solution, the diffusion of Ca
2+

 

induces the surrounding PBDT molecules orientation and gelation to form an anisotropic 

physical gel. (b) Top view of the diffusion system. r0, r, and d denote the radius of CaCl2 drop, 

radius of liquid crystalline (LC) gel, and the width of LC gel, respectively. 

 

        Superstructure formation of PBDT at the region between multiple drops of CaCl2 

solution was also investigated. Two or three drops of 0.5 M CaCl2 solution were 

simultaneously dripped to 3 wt% PBDT solution film. Then, the middle region of the sample 

where two or three Ca
2+

 fluxes met was observed under POM. Images were taken at different 

diffusion time. Experiments with BaCl2 and FeCl3 instead of CaCl2 were performed in a 

similar process. 

Scanning electronic microscopy (SEM) observation of the gel 

Slide glass

PBDT solution
CaCl2 solution

(a)

r0

r

d

LC gel

Gelation front

(b)
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        SEM with energy dispersive spectroscopy (JSM-6010LA, JEOL Ltd.) was applied to 

study the morphology and element distribution of the dry sample. The wet sample on a cover 

glass after 3 min diffusion was transferred to a hot plate (temperature: 90 
o
C) to rapidly 

evaporate the solvent within ~20 s and freeze the molecular distribution. The dry sample 

coated with a thin Au by using a sputter coater (E-1030, Hitachi) was used for SEM 

observation and X-ray element mapping of sulfur and calcium. The intensity profile of 

element was obtained from the mapping image by using Image J. 

 

3.  Results and Discussion 

 3.1 In situ observation of reaction-diffusion profile 

First of all, we should note that the present system has two features, as summarized in 

Table 1: (i) PBDT chains were entangled to give highly viscosity of the polymer solution, as 

the polymer concentration was well above its overlap concentration (CP/C* >> 1);
11a

 (ii) 

locally, the concentration of Ca
2+

 is comparable to or in excess of the concentration of the 

sulfonic charge of PBDT, Cp,charge. Owing to the relatively small size of samples, we can 

directly observe in situ the reaction-diffusion (RD) process under POM. The PBDT solution 

with CP = 1 wt% (< CLC* of 2 wt%) was optically isotropic. However, a birefringence ring, 

with alternative blue (quadrants 2 and 4) and orange (quadrants 1 and 3) colors, appeared 

immediately when a drop of 0.5 M Ca
2+

 was dripped on the PBDT solution (Figure 2a). The 

ring size gradually grew with time, increasing its outer radius r and thickness d, while the 

inner radius of the ring r0 hardly changed. However, the intensity of the birefringence slightly 

decreased with the diffusion distance, indicating a decrease in the extent of molecular 
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alignment. At the boundary, i.e. the gelation front,
13,14

 there was a thin ring with birefringence 

color opposite to that of the LC gel. As PBDT is an optically positive polymer,
6b,12

 the PBDT 

molecules in the birefringence ring can be identified as in concentric orientation, while those 

in the thin ring at the diffusion front are in radial orientation. After 10 min diffusion, the 

birefringence ring was close to the edge of POM image.
15

 The growth of these birefringence 

patterns is associated to the diffusion of Ca
2+ 

ions into surrounding PBDT solution, leading to 

the formation of anisotropic liquid crystalline (LC) hydrogel, which was not dissolvable after 

being immersed in water.  

 

Table 1. Apparent diffusion coefficient, D, of Ca
2+

 in the diffusion systems with different CP 

and CCa2+ at 20 
o
C.

a
  

  

a
 The values of D with unit of cm

2
•s

-1
 calculated according to d

2 
=2Dt are listed in the shadow 

part of the table. The values in brackets are D/D0, in which D0 of Ca
2+

 in pure water at 20 
o
C 

is 1.58×10
-5

 cm
2
•s

-1
. 

b
 Corresponding ratio of CP to crossover concentration of PBDT, C*, of 

0.2 wt%. 
c
 Corresponding molar concentration of the charge (Cp,charge), in which each repeat 

unit of PBDT has two charged sulfonic groups. 

CCa (M)2+

0.1 0.5 1 2CP (wt%)

1

2

3

9.8 x 10
-6

6.3 x 10
-6

3.0 x 10
-6

2.6 x 10
-5

2.0 x 10
-5

1.6 x 10
-5

3.2 x 10
-5

2.7 x 10
-5

2.4 x 10
-5

3.4 x 10
-5

2.8 x 10
-5

2.6 x 10
-5

PBDT concentration

Cp,charge (M) c

0.04

0.08

0.12

CP/C* b

5

10

15

(0.62) (1.64) (2.02) (2.15)

(0.40) (1.26) (1.71) (1.77)

(0.19) (1.01) (1.52) (1.64)
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Figure 2. Images to show diffusion-induced formation of LC gel observed in situ at different 

diffusion time under polarizing optical microscope (POM) with 530 nm tint plate. CCa2+ = 0.5 

M, CP = 1 wt% (a), 2 wt% (b), and 3 wt% (c). The d noted in the third image of the left 

column is the width of LC gel. A: Analyzer; P: Polarizer; Z′: Slow axis of the tint plate. 

 

        This facile method with accessible, accurate diffusion time and distance from POM 

images permits us quantitatively studying the diffusion features under different experimental 

conditions. We found that the systems at (CP = 2 wt%) or above (CP = 3wt%) CLC* of PBDT 

showed similar birefringence pattern evolution with diffusion time (Figure 2b and 2c; Movies 

S1-S3 in Supporting Information). Furthermore, similar phenomena were also observed in the 

systems with other Ca
2+

 concentrations (CCa2+  = 0.1, 1, 2 M). 

        The gelation and the molecular orientation of PBDT are related to the diffusion of Ca
2+

. 

This is confirmed by the linear relationship observed between the LC gel thickness square d
2
 

300 s

CP = 1 wt% 2 wt% 3 wt%

10 s

1 mm

100 s

600 s

P

A Zʹ

d

(a) (b) (c)
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and the diffusion time t, as shown in Figure 3a and Figure S1 (see Supporting Information).  

According to d
2 

=2Dt,
16 

the slope of the linear lines gives the apparent diffusion coefficient D, 

which is listed in Table 1. D obtained here for CCa2+ = 0.5 M, CP = 1 and 2 wt% systems was 2 

×10
-5

 and 2.6 × 10
-5

 cm
2
•s

-1
, respectively, which were close to 2.4 × 10

-5
 cm

2
•s

-1
 obtained by 

long time diffusion,
6b

 indicating good reliability of this facial method.
 
D increased as CCa2+ 

increased, yet it decreased as CP increased (Table 1). When CCa2+ = 0.1 M, the apparent D was 

smaller than the diffusion coefficient D0 of Ca
2+

 in pure water (D/D0 < 1; D0 = 1.58×10
-5

 

cm
2
•s

-1
, at 20 

o
C).

5c,17 
On the other hand, when CCa2+ = 0.5, 1, 2 M, D/D0 > 1.  

 

Figure 3. Relationship of square of LC gel width, d
2
, versus diffusion time, t. (a) Systems 

with CP = 1 wt% and different CCa2+, (b) systems with CP = 3 wt% and 0.5 M of CaCl2, BaCl2, 

or FeCl3. 

 

 

        Due to the high viscosity of PBDT solution, the translational motion of PBDT 

macromolecules can be neglected in comparison with that of small Ca
2+

 ions. So the gelation 

was essentially a Ca
2+

 diffusion-limited reaction.
8a

 The diffusion of Ca
2+

 was affected by the 

reaction, i.e. the complexation between PBDT and Ca
2+

, in terms of two aspects. (i) The 

reaction, including complexation and gelation of PBDTs, immobilizes Ca
2+

 and decreases the 

0

1

2

3

4

0 100 200 300 400 500 600

0.1
0.5
1
2
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C       (M)Ca
2+
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amount of local free Ca
2+

, forming a  sharp concentration gradient of mobile Ca
2+

 at the 

diffusion front. According to Fick's first law, the diffusion flux is proportional to the negative 

of the concentration gradient. Therefore, the complexation, which builds up a sharp 

concentration gradient at the diffusion front, should promote the diffusion process. (ii) The 

reaction front continuously consumes the free Ca
2+

 just diffused through previously formed 

gel matrix, which hinders to some extent the diffusion of Ca
2+

 over the reaction front. This 

effect becomes evident especially when the fresh flux of Ca
2+

 can not gelate all the PBDTs at 

once. The above two effects competed with each other and determined the apparent value of 

D listed in Table 1. When CCa2+ = 0.1 M, the effect (ii) predominated, resulting in the apparent 

D smaller than D0 of Ca
2+

 in pure water (D/D0 < 1). For example, when CP = 3 wt%, D/D0 was 

only 0.19. When CCa2+  ≥ 0.5 M, the effect (i) predominated, and D/ D0 > 1. CP affected the 

apparent D in another way: increase in CP consumes more Ca
2+

 for complexation, which 

would enhance the above effect (ii) of CCa2+. In addition, high CP means less free volume and 

a more restricted medium, which hinders to some extent the diffusion of Ca
2+

 through the gel 

matrix to the reaction front. Therefore, increase in CP decreased the apparent D, as shown in 

Table 1. 

        This facile approach also permits us comparing the effects of different metallic ions on 

the diffusion-directed anisotropic gelation of PBDT solutions by keeping the concentration of 

PBDT and metallic ions constant, 3 wt% and 0.5 M, respectively. According to the different 

slopes of d
2
 versus t (Figure 3b), we can see that Fe

3+
 and Ca

2+
 have a similar apparent D (1.5 

× 10
-5

 cm
2
•s

-1
), which is smaller than that of Ba

2+
 (1.9 × 10

-5
 cm

2
•s

-1
). 

3.2 Complex superstructures formed during the diffusion 
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        To reveal the structure formation mechanism, the birefringence patterns were analyzed in 

detail. As shown in Figure 4a, in the system with CP = 1 wt% and CCa2+ = 0.5 M, the ring with 

strong birefringence appeared right after the diffusion started and grew in thickness as the 

diffusion proceeded (Figure 4a). PBDT molecules in the birefringence ring can be identified 

as in concentric orientation. However, a thin ring with radial alignment of PBDTs, in vertical 

to PBDT in the LC gel appeared at the diffusion/reaction front after a short diffusion time, t ~ 

80 s. This thin ring kept a constant ring thickness of ~100 μm, moved forward and became 

clearer as the diffusion continued. 

 
Figure 4.  (a) POM images to show Ca

2+
 diffusion-induced superstructure formation of PBDT; 

CCa2+ = 0.5 M, CP = 1 wt% (left column) and CP = 3 wt% (right column). Only quarters of the 

ring images are shown to save the space. Arrows show the existence of a thin ring with 

birefringence color opposite to that of LC gel. (b) POM image of the system with different 

localized states of PBDT after 10 min diffusion of Ca
2+

; CP = 3 wt%, CCa2+ = 0.5 M. Regions I 

to VI correspond to the Ca
2+

 drop, LC gel with concentric alignment of PBDT, thin ring with 

radial alignment of PBDT, isotropic region, N-I transition region, and nematic phase of PBDT 

solution, respectively. (c) Schematic for the corresponding PBDT alignments in the reaction-

Ca2+

PBDT(c)

(b)

1 mm

I

II

III
V

VI

IV

I

II

III

V

VI

IV

30 s

(a)
1 mm

80 s

150 s

CP = 1 wt% 3 wt%
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diffusion process (right upper quadrant). The layer thicknesses in the illustration are not in 

scale; the counter ions Na
+
 and Cl

-
 of PBDT and Ca

2+
, respectively, are omitted for simplicity. 

 

        In the case of CP = 3 wt% (> CLC* of 2 wt%),  the thick birefringence ring with 

concentric alignment of PBDT also appeared (region II; Figure 4b and 4c), which is the same 

as the case of CP = 1 wt%. When the diffusion started (t = 30 s), a new narrow purple ring 

(region IV), corresponding to an isotropic phase, appeared between the birefringence ring and 

LC texture of PBDT solution. Near the amorphous ring, a ring with disturbed LC structure 

(region V) from the original Schlieren texture (region VI) of the nematic PBDT solution was 

also observed (Figure 4b). When t > 80 s, the narrow ring with radial alignment of PBDT 

(region III) also appeared between the thick birefringent ring (region II) and the isotropic 

purple ring (region IV). The width of isotropic ring became larger as the diffusion proceeded 

(it was ~0.5 mm at t = 10 min). These results indicate an identical mechanism for the structure 

formation, no matter CP is above or below CLC*. The above phenomena and features observed 

within a short time and space frame are identical to those observed during the formation of 

bulk anisotropic gels.
6b

 

     The nematic to isotropic (N-I) phase transition of PBDT in regions IV and V might 

originate from (i) the decrease in local CP from 3 wt% to CP lower than CLC* of 2 wt%, or (ii) 

the disordered structure of molecular assemblies by the interaction of PBDTs with a small 

amount of metallic ions. To verify these speculations, the morphology of dry sample after fast 

solvent evaporation and the "frozen" distributions of PBDT and calcium were studied by SEM 

with energy dispersive spectroscopy (Figure 5). In the dry sample, the isotropic ring region 

also showed birefringence (Figure 5b); however, the thin ring with radial orientation of 

app:ds:quadrant
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PBDTs in wet sample could not be identified. We considered that the thin ring region and 

isotropic region (regions III and IV, respectively, in Figure 5a), corresponding to the weak 

physical gel, combined to form an integrated region (i.e. region iii+iv in Figure 5b) after 

drying. SEM observation also showed clear boundaries of these regions, indicating their 

different structures (Figure 5c). From the element distribution profile, we have not observed 

an abrupt decrease in PBDT content at the isotropic region (Figure 5d), indicating that the N-I 

transition was not due to the decrease in CP. On the other hand, calcium appeared in the 

isotropic region and in the N-I transition region (Figure 5e; corresponding to region iii+iv and 

region v in Figure 5b), although the local CCa2+ was lower than that in the LC gel (Figure 5f). 

This result suggests that a small amount of Ca
2+

 might induce the N-I transition of PBDT. 

  

Figure 5. (a, b) POM images of the sample used for SEM observation; (a)  wet sample, CP = 

3 wt%, CCa2+ = 0.5 M, t = 2 min, (b) dry sample, all the solvents were quickly evaporated 

upon heating. Regions I to VI in Figure 5a are divided as those in Figure 4b; regions i to vi in 

Figure 5b after solvent evaporation correspond to regions I to VI in Figure 5a. (c-e) SEM 

images of the dry sample (c) and its element distributions of sulfur (d) and calcium (e). (f) 

Intensity profile of image (e) in the radius direction. 
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        To confirm further the above assumption that a small amount of Ca
2+ 

ions can induce N-I 

transition of PBDT, a drop of CaCl2 solution with CCa2+ of 0.05 M, instead of that with CCa2+ 

of 0.5 M used in the above observations, was dripped onto 3 wt% PBDT solution. We found 

no anisotropic LC gel formed. Yet the PBDT solution in the nematic phase changed to 

isotropic phase when Ca
2+

 diffused in (Figure S2). This effect of Ca
2+

 induced N-I transition 

is similar to that of Na
+
.
11a

 Low concentration of metallic ions can disturb the subtle balance 

of intermolecular interactions and induce conformational collapse of charged rigid 

polyelectrolytes.
18 

We therefore conclude that the appearance of isotropic phase and N-I 

transition of PBDT (corresponding to regions IV and V in Figure 4b) during the diffusion 

process is due to the interaction between PBDTs and a small amount of Ca
2+

 ions, which 

disturbs to some extent the assembled structure of PBDTs. As CCa2+ gradually increased, 

above 0.1 M, PBDT/Ca
2+

 complexes formed an integrated strong anisotropic LC gel, 

changing from an isotropic liquid or weak physical gel.  

3.3 Proposed mechanism for superstructure formation 

        To reveal the essential mechanism for the structure formation of PBDT during the RD 

process, especially the radial alignment of PBDT in the thin ring region at the 

reaction/diffusion front, we dripped simultaneously two drops of 0.5 M CaCl2 solution to 3 wt% 

PBDT solution and observed the superstructure formation at the middle region where two 

fluxes of Ca
2+

 met after a period of diffusion time. Before the two fluxes met, the molecular 

orientation is identical to that of the diffusion system with one drop of Ca
2+

 (Figure 6a(i)-(iii)). 

However, as the diffusion proceeded, the width of LC gels grew, so the two thin birefringence 

rings with radial alignment of PBDTs in the diffusion fronts started to meet (Figure 6a(iv)). 
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At the contacting region, the birefringence became much stronger. When the LC gels grew 

further, the new formed contacting region also showed strong birefringence (Movie S4). As a 

result, a strong and long birefringence pattern with alternative colors, which are opposite to 

those of neighboring LC gels, appeared between the two LC gels. When we rotated the 

sample 45
o
, the previous strong birefringence pattern almost disappeared (Figure 6b, Figure 

S3, and Movie S5), indicating that at the contacting region PBDTs oriented ±45
o
 to the 

midline of the two drops (Figure 7b), which is different from the radial alignment before two 

thin rings met (Figure 7a). This region with special alignment of PBDTs and birefringence 

much stronger than other part of the thin ring could not be explained by molecular migration 

proposed in our previous paper.
6b

 In our recent work, we found that PBDT molecules are easy 

to be aligned by a small external strain (ε ~5%) or internal stress, which generate strong 

birefringence.
19,20

 This internal stress induced PBDT orientation should also exist in the 

current RD process, leading to the formation of different alignments of PBDTs. 



17 
 

 

Figure 6. (a) POM images of the systems with two drops of Ca
2+

 dripped into PBDT solution 

at different diffusion time, t. CP = 3 wt%, CCa2+ = 0.5 M; (i) t = 1 min, (ii) t = 2 min, (iii) t = 4 

min, and (iv) t = 6 min. (b) POM images of the contacting zone of the two LC gels (i) and 

after 45
o
 rotation counter clockwise (ii). 

 

        As the Ca
2+

 diffused into the surrounding PBDT solution, a weak physical gel formed at 

the diffusion front where CCa2+ is very low.
14

 However, as more Ca
2+

 diffused in with local 

CCa2+ above a critical value, more ion complexation is formed and the physical gel became 

strong. During this process, contraction of gel volume occurs due to decreased osmotic 

pressure of the PBDT solution by complexation.
21

 The contraction of the strong gel phase 

results in the concentric alignment of PBDTs in the gel; it also leads to the radial alignment of 

PBDTs in front of the strong gel, where weak physical gel is forming (Figure 7a; PBDTs align 

along the tensile force). This scenario repeated at the diffusion front, changing on site the 

(a)

(iv)

1 mm

(iii)

(i) (ii)

(b) (i) (ii)

0.5 mm
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superstructure of PBDTs from radial alignment to concentric alignment, when the weak 

physical gel became strong one. The region of weak gel with radial alignment of PBDTs is 

very thin, ~100 μm, probably because the stress is dissipated easily in the new formed weak 

gel (i.e. region IV in Figure 4b). When two Ca
2+

 fluxes from two drops meet at the middle 

position, the local weak gel is stretched from two directions by the contraction of two strong 

LC gels, leading to the birefringence much stronger than other part of the thin ring. As more 

Ca
2+

 ions diffuse to this contacting region, the localized physical gel becomes stronger and 

contracts due to the syneresis effect. Therefore, another stretching force along the contacting 

line and toward the center of the middle gel appears. Under these two kinds of forces, PBDTs 

in the new formed weak physical gel region orient approximate ±45
o
 to midline of the two 

drops (Figure 7b). 

        The same phenomena appeared in the system with three drops of Ca
2+

. After a certain 

diffusion time, the center became a relatively closed region without severely molecular 

migration, yet strong birefringence appeared with colors different from those of neighbouring 

preformed LC gels (Figure S4). This result further supported the mechanism we proposed in 

Figure 7. 
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Figure 7. Schematic for the PBDT alignments in the reaction-diffusion process and the 

corresponding mechanism for PBDT orientations in the diffusion system with two drops of 

Ca
2+

 solution. (a) During the complexation between PBDT and Ca
2+

, physical LC gel forms, 

accompanying with syneresis contraction of the gel volume, which builds internal stress and 

induces PBDT alignments. As a result, PBDTs in the heavily gelated part under the 

compression form concentric alignments, whereas PBDTs in the outer weak physical gel part 

under the tension (the weak gel is stretched by the contraction of LC gel) form radial 

alignments. (b) When the two fluxes of Ca
2+

 meet at the intermediate section, the new formed 

weak physical gel is stretched by two forces from the syneresis contractions of LC gel and the 

central weak gel (which becomes stronger after PBDTs complex with more Ca
2+

 ions). 

Therefore, the internal stresses induce PBDTs in new formed weak gel at the intermediate 

region to orient ±45
o
 to the boundary (midline) where two Ca

2+ 
fluxes meet. 

 

        In Figure 4a, we found that the formation of a thin ring with radial alignment of PBDT is 

not immediate but after a short diffusion time, t ~ 80 s. This is likely because the physical 

gelation and syneresis contraction of gel do not complete immediately when PBDT meets 

Ca
2+

 but take some time.
21

 We contend here the contraction of the gel and the stress induced 

PBDT orientation as the essential reasons for the structure formation of the gel. When Ca
2+

 is 

(b)(a)

Radial alignments ±45o alignments

45o －45o

Contraction

Syneresis contraction zone Internal stress

Contraction

Stress-induced 
orientations
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changed to Ba
2+

 or Fe
3+

, we observed the same phenomena described above, indicating the 

universality of the mechanism, which gives insight to develop other hydrogels from rigid 

biomacromolecules and multivalent metallic ions based on the RD process. 

 

4.  Conclusions 

         In this paper, we have presented a simple method to study the Ca
2+

 diffusion-directed 

anisotropic gelation of a rigid polyanion, PBDT, and revealed the mechanism for ordered 

structure formation. By dripping a small drop of Ca
2+

 solution on a thin film of PBDT 

solution, the diffusion-induced structure formation and gelation process could be observed in 

situ under POM within a short time and space frame, permitting us effectively studying the 

structure formation under various experimental conditions. The diffusion features and the 

molecular orientations within this small system are consistent well with the formation of bulk 

gels.
6b

 The diffusion of Ca
2+ 

produces a physical LC hydrogel with concentric alignment of 

PBDTs, owing to the syneresis contraction of the physical gel in the radial direction. In front 

of the LC gel phase (i.e. at the diffusion/reaction front), a ~100 μm width ring with radial 

orientation of PBDTs, in perpendicular to those of the LC gel phase, always exists except at 

the initial ~80 s diffusion. This thin ring with radial alignment of PBDT is the result of the 

mechanical interaction between the strong LC gel that intends to contract and the weak gel 

that is stretched by the contraction. This work provides a simple way to study the RD process 

and reveals the structure formation mechanism of ion complex formation of rigid molecules, 

which should be suitable to other systems. 
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