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ABSTRACT: Unidirectional freezing is a simple and environmentally friendly method for preparing polymeric porous materials from

polymer solutions for use in various applications. In this study, a unique, multihollow-core honeycomb structure was prepared from

diurethandimethacrylate (DUDM) in a 1,4-dioxane (Dx) and tertiary butanol (TBA) binary solvent system via unidirectional freezing,

subsequent photopolymerization and freeze-drying. The multihollow-core honeycomb consists of two different hollow tubular

structures: one structure is noncircular with an atypical cross-sectional area, and the other is circular and measures approximately

5–10 lm in diameter. Both structures are aligned parallel to the freezing direction. These hollow structures were formed by using the

sequential growth of Dx and TBA crystals as a template. During the unidirectional freezing process, the Dx crystals grew in the

solution along the freezing direction and expelled DUDM and TBA from its crystalline phase into the solution. When the freezing

temperature was further decreased, small, needle-shaped TBA crystals grew along the freezing direction and were confined by the Dx

crystals. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2013
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INTRODUCTION

Polymeric porous structures have attracted a lot of attention

for use in separation filters,1,2 drug delivery systems,3 and bio

scaffolds.4,5 Several preparation methods for polymeric porous

materials have been developed, for example, polymer foam-

ing,6,7 direct printing,8–10 and templating methods.2,11,12 Unidir-

ectional freezing is a templating method that utilizes a solvent

crystal as the template. This method can be used for various

systems, such as particle suspensions,13–15 sol-gels,16,17 and

polymer solutions.3,18 Camphene,14,19 water,3 and 1,4-dioxane

(Dx)18,20 are generally used as ‘‘a template-solvent.’’

An interesting aspect of using the unidirectional freezing process

as a preparation scheme for porous materials is that a wide

variety of porous structures, such as planar, lamellar, cellular

and dendritic structures, can be produced by controlling the

crystal growth behavior via the impurities (e.g., water), freezing

rates, and types of solute or solvent used in the process.

For instance, Kim et al. reported that a unidirectionally frozen

Dx/(poly L-lactic acid) (PLLA) solution with a small amount of

water could form a dendritic structure, while a Dx/PLLA solu-

tion without water resulted in a cellular honeycomb monolithic

structure.21 Deville et al. demonstrated that an increase in the

freezing rate changed the porous structure from cellular to den-

dritic.22 An alumina aqueous suspension formed a lamellar

structure,23 whereas polyvinyl alcohol (PVA) aqueous solutions

formed a dendritic structure.3,24 It was also reported that a

change in the solvent pH dramatically altered the porous struc-

ture from a cellular one to a honeycomb structure.17

The formation of these structures during the unidirectional

freezing process has been explained by the Mullins and

Sekerka25 theory. This theory proposed that the degree of crystal

growth instability at the solid–liquid interface between the sol-

vent crystal and the solution increases when the solution is sub-

jected to steep temperature gradients, large freezing point

depressions, impurities or a low-diffusivity solute. The forma-

tion of a crystalline structure, for example, planar, lamellar, cel-

lular or dendritic, was attributed to the degree of crystal growth

instability.

In this study, we focused on the effect of the crystallizations of

binary solvents on the structure during the unidirectional freez-

ing process. The unique needle-like crystal structure of tertiary

butyl alcohol (TBA) provided an interesting candidate for inves-

tigating the templating ability of crystals for producing porous

materials during the freezing process. Because of the desired

characteristics of crystal growth,26 such as the freezing point

and high sublimation vapor pressure of the crystal,
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diurethandimethacrylate (DUDM) was selected as the solute for

TBA and Dx. Unidirectional freezing was combined with photo-

polymerization27 to determine the crystalline structures that

TBA and Dx formed with polymerized DUDM as a template.

The porous structures were prepared by unidirectionally freezing

and photopolymerizing the TBA/DUDM and Dx/DUDM solu-

tions individually, and both structures were compared with each

other in terms of their shapes and sizes. Subsequently, a Dx and

TBA binary solvent system was subjected to unidirectional freez-

ing to prepare a multihollow-core honeycomb structure. The

difference in the hollow structures between the single solvent

systems (TBA/DUDM and Dx/DUDM) was investigated. The

freezing point depressions of Dx, TBA and their mixture were

also measured to enable the proposal of a unique formation

mechanism for the multihollow-core honeycomb structure.

EXPERIMENTAL

Materials

Dehydrated 1,4-Dx and TBA (Wako Pure Chemical Industries)

were used as the template solvents. The solute was DUDM

(Aldrich), which was used as received. DUDM is highly soluble

at room temperature in both Dx and TBA, and mixtures

were obtained by gently stirring the materials with a magnetic

stirrer for 1 h. Dx/DUDM unary solvent solutions with different

DUDM concentrations of 20, 30, and 40 wt % were prepared,

and TBA/DUDM unary solvent solutions were also prepared

with three different DUDM concentrations: 5, 10, and 20 wt %.

For the Dx/TBA binary solvent system, the binary solvent was

first prepared with an 80/20 (w/w) ratio, and DUDM was then

added to obtain binary solvent solutions with 10, 15, and 20 wt

% DUDM. Irgacure 184 (BASF-Japan, Japan) was added as a

photoinitiator in a ratio of 1 wt % with respect to DUDM.

Unidirectional Freezing and Photo-Polymerization

The prepared solutions were poured into polypropylene (PP)

test tubes at a constant rate of 3.5 cm/h and soaked in a liquid

nitrogen bath. The PP test tubes were 1.2-mm thick and 100-

mm long with a 10 mm inner diameter. The tubes were sealed

prior to unidirectional freezing. The frozen sample was placed

in a cold bath at �25�C for 1 h to raise the sample temperature

to the photopolymerizable temperature. After removing the test

tube from the cold bath, UV light irradiation was immediately

conducted for 3 min to solidify the sample. The light source

was a mercury xenon lamp (MUV-202U, 200W, MORITEX,

Japan). The light intensity at 365 nm was adjusted to 35 mW/

cm2 using a light intensity meter (UT-150, USHIO, Japan). The

solidified sample was freeze-dried in a vacuum chamber for 4

days to sublimate the frozen solvents (�25�C). The porous

structure of the obtained samples was observed using field emis-

sion scanning electron microscopy (SEM, JEOL-5700, JEOL,

Japan). Prior to SEM characterization, the freeze-dried samples

were soaked in the liquid nitrogen bath to prevent the samples

from deforming during razor blade cutting. The samples were

cut either parallel or perpendicular to the freezing direction and

were coated using gold-ion sputtering. X-ray computed tomog-

raphy (FLEX-M543, BEAMSENSE, Japan) was conducted to

obtain a three-dimensional (3D) image of the porous structure.

Visual Observations of Dx and TBA Crystal Growth

and the Crystal Morphologies

The crystal growth behaviors of Dx and TBA were visually

observed. The observations were conducted under a nonunidir-

ectional thermal gradient: the solvents were dropped onto a

glass substrate, which was cooled to below �5 �C using a cool-

ant, and the crystallization behavior of the solvents was

observed with an optical microscope (KEYENCE, VQ-Z50,

Japan). The crystallization behavior of TBA in a confined space

was also observed using a microtube (MICROSLIDES, Vitro-

Com), which had a rectangular path of 0.05 lm (short axis) by

0.50 lm (long axis). By soaking the microtube in the TBA

solution, TBA was introduced into the tube via a capillary force

before the tube was placed on the cooled glass substrate. The

crystal growth behavior in the tube was observed with the

optical microscope.

Figure 1. Freezing point-DUDM molality curves for the Dx, TBA, and

Dx/TBA mixtures (solid squares: TBA/DUDM solutions, solid triangles:

Dx/DUDM solutions, and open circles: Dx/TBA/DUDM solutions).

Table I. Summary of the Cell Morphologies and Freezing Points of the

Solutions

Dx/TBA
blending
ratio (w/w)

DUDM
concentration
(wt %)

Cell
morphology

Freezing
point (�C)

100/0 – – 11.9

100/0 20 Dendritic 8.28

100/0 30 Dendritic 5.57

100/0 40 Cellular 1.21

80/20 – – 0.75

80/20 10 Cellular �1.00

80/20 15 Cellular �1.69

80/20 20 Cellular �4.14

0/100 – – 25.1

0/100 5 Needle 23.25

0/100 10 Needle 20.73

0/100 20 Random 18.67
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Freezing Point Measurements

To investigate the freezing points of the solutions, the solution

temperatures were measured in an incubator.21 The incubator

was programmed to decrease its inner temperature from 20�C

at a rate of 0.7 K/min. The freezing point was determined to be

at the point of the temperature jump, which was caused by the

latent heat release.

RESULTS AND DISCUSSION

Freezing Points of the Solutions

The freezing point of each solution was measured and is plotted

in Figure 1. The numerical values are listed in Table I along

with the cell morphology of the samples prepared by unidirec-

tional freezing. As can be observed in Figure 1, adding DUDM

to the Dx and TBA solutions reduced their freezing points.

Despite the large DUDM molarity, all of the solutions exhibited

a colligative property, that is, the freezing point depression was

a linear function of the solute molarity for both the Dx and

TBA solutions. The freezing point of the Dx/TBA binary solvent

system was between those of Dx and TBA and decreased pro-

portional to the DUDM molarity. The cryoscopic constants,

Figure 2. Freezing points of the Dx/TBA mixtures for different Dx weight

fractions. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 3. SEM micrographs of the samples prepared from the Dx/DUDM solutions. The cross-sectional views (a, c, and e) were taken perpendicular to

the freezing direction, and (b, d, and f) were taken parallel to the freezing direction. The DUDM concentrations were (a and b) 20, (c and d) 30, and (e

and f) 40 wt %. (g and h) are the schematic drawing of the Dx crystal growth during unidirectional freezing of Dx/DUDM solution: (g) is the case of

20 or 30 wt % of DUDM concentration, and (h) is 40 wt % of DUDM concentration.
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that is, the slopes of the freezing point-solute molarity curves,

were 7.32 K�kg/mol for Dx, 18.14 K�kg/mol for TBA and 8.19

K�kg/mol for the Dx/TBA binary solvent. The constant for the

Dx/TBA binary solvent system was closer to that of Dx than to

that of TBA because the weight fraction of Dx was 0.8.

Figure 2 shows the freezing points of the Dx/TBA mixture for

different Dx weight fractions. These mixtures did not contain

any DUDM. The freezing points exhibit a V-shaped curve as a

function of the Dx weight fraction. The minimum freezing tem-

perature of �10�C was obtained at 40 wt % Dx. These results

will be used in a following section to explain the formation

mechanism of the multihollow-core honeycomb structure

during the unidirectional freezing process.

Porous Structure of the Dx/DUDM Unary Solvent System

Figure 3 shows the SEM micrographs of the porous samples

prepared from the Dx/DUDM unary solvent system. The cross-

section micrographs (a, c, and e) were taken perpendicular to

the freezing direction, while (b, d, and f) were taken parallel to

the freezing direction. The DUDM concentrations were 20 wt %

for samples (a and b), 30 wt % for (c and d), and 40 wt % for

(e and f). A dendritic structure was observed for the 20 and 30

wt % samples and a cellular structure, that is, a smooth wall

hollow tube, was observed for the 40 wt % solution samples.

The schematics of the crystalline growth behaviors during

unidirectional freezing are shown in Figure 3(g,h). In the 20

and 30 wt % DUDM solutions, the trunks of the Dx crystals

grew along the freezing direction (bottom to top) and branched

perpendicular to the freezing direction. In the 40 wt % DUDM

solution, the crystals grew along the freezing direction without

branching, as illustrated in Figure 3(h). Generally, a cellular

structure can be prepared from dilute and low-viscosity solu-

tions or from low impurity solutions, for example, a low-con-

centration polymer solution or a colloidal suspension, because

the crystal growth instability is reduced by the higher diffusivity

and lower degree of freezing point depression of the low solute

concentration solutions. However, our experiments showed the

opposite result; the cell morphology became cellular with an

increase in the solute concentration. Kurz and Fisher28 discussed

the relation between the crystal growth instability and the local

freezing point depression at the solidification front. The authors

mentioned that when the solute diffusivity is low, a higher sol-

ute concentration gradient was established in front of the crystal

and increased the degree of crystal growth instability. This

theory can be applied to our experimental results. The upper

picture in Figure 4 shows typical concentration profiles for the

Dx/polymer (solid line) and Dx/DUDM solutions (broken-

dotted line) during the unidirectional freezing process; these

profiles correspond to the moving solid–liquid interface. Both

concentration profiles exhibit the highest concentration at the

crystal–solution interface, and the concentrations decrease with

increasing distance from the interface due to the solute diffu-

sion in the solution. Assuming that the degree of freezing point

depression is proportional to the solute concentration at the

interface, the profiles of the freezing point temperature, that is,

the profiles of the local solid–liquid equilibrium temperature,

are determined, as illustrated in the lower picture of Figure 4.

The equilibrium temperature decreased as the solute concentra-

tion increased, following the equation of the colligative property

[eq. (1)].

Tf ¼ Tf ðClÞ � KCl ; (1)

where K is the cryoscopic constant of the solvent, and Cl is the

weight molar concentration of the solution. Tf is the freezing

point temperature.

The curve is a mirror image of the solute concentration profile.

The shaded area indicates ‘‘constitutional supercooling,’’ in

which the solution becomes supercooled, and solvent crystalliza-

tion is induced. A higher degree of supercooling induces a

higher degree of crystal growth instability and changes the crys-

tal growth behavior. Because the solubility of DUDM in the Dx

solution is higher than that of most polymers, the bulk concen-

tration of DUDM, Cl, is higher than that of the Dx/polymer

system, especially for the 40 wt % DUDM solution, C*l. Thus,

the freezing point temperature levels out at a lower temperature

Figure 4. Schematics of the concentration and cryoscopy profiles. Solid

line: a typical solvent/polymer solution system. Broken-dotted line: the

Dx/DUDM solution. Cs: equilibrium concentration of the solid. Cl:

equilibrium concentration of the liquid.
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than that of the Dx/polymer system, and the area of constitu-

tional supercooling for the DUDM 40 wt % solution is much

smaller than that of the Dx/polymer solution or than that of

the other DUDM percentage solutions. When the concentration

of the solute (C*l) increases, the partition coefficient, that is,

the concentration ratio of the solid to the liquid (Cs/C*l), the

concentration gradient at the freezing front, and the gradient of

the freezing point temperature decrease. As a result, the degree

of supercooling is decreased when the temperature gradient of

the solution is increased due to the depression of the freezing

point at the solid–liquid interface. Thus, for the Dx/DUDM

solutions, the area of constitutional supercooling narrows

when the DUDM concentration is increased to 40 wt %. This

phenomenon stabilizes the crystal and produces a cellular

crystal for the samples prepared from the Dx/DUDM 40 wt %

solution.

Porous Structure of the TBA/DUDM Unary Solvent System

Figure 5 shows the SEM micrographs of the cell morphologies

of the samples prepared from the TBA/DUDM unary solvent

solutions. The cross-sections (a, c, and e) were taken perpendic-

ular to the freezing direction, and (b, d, and f) were taken par-

allel to the freezing direction. The DUDM concentrations were

5 wt % for (a and b), 10 wt % for (c and d), and 20 wt % for

(e and f). The arrows in the figures indicate the direction of

unidirectional freezing.

The observed cell morphologies indicate that the pores were

formed with the needle-like crystals of TBA acting as a tem-

plate. For TBA/DUDM with 5 and 10 wt % DUDM, the pores

were formed with a portion being oriented along the unidirec-

tional freezing direction. For the sample prepared from TBA/

DUDM with 20 wt % DUDM, the pore orientation became

Figure 5. SEM micrographs of the samples prepared from the TBA/DUDM solutions. The cross-sections of the samples were taken (a, c, and e) perpen-

dicular to the freezing direction and (b, d, and f) parallel to the freezing direction. The DUDM concentrations were (a and b) 5, (c and d) 10 and

(e and f) 20 wt %. The arrows indicate the freezing direction.

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39201 5

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


Figure 6. Visual observations of the crystal morphologies of (a, b, and d) TBA and (c) Dx. (a) and (b) show the time lapse of TBA crystallization under

a nonunidirectional thermal gradient.

Figure 7. SEM micrographs of the samples prepared from the Dx/TBA/DUDM solutions. The cross-sections samples (a, c, and e) were taken perpendic-

ular to the freezing direction, and (b, d, and f) were taken parallel to the freezing direction. The binary solvent Dx/TBA was mixed in the ratio 80/20

(w/w), and the DUDM concentrations were (a and b) 10, (c and d) 15, and (e and f) 20 wt %.



weak, even though each pore shape was still needle-like. It has

been reported that the shape of the TBA crystals is needle-like

and that the growth rate of the crystals along their long axis is

faster than those along their other axes.26 Therefore, it is highly

possible that the TBA crystals grew faster along their long axis

than along the unidirectional freezing direction and that this

phenomenon and the high viscosity of the 20 wt % solution

prevented the crystal growth from being oriented along the

freezing direction.

To confirm the TBA crystal shape, visual observations of the

crystal growth behavior were conducted. Figure 6(a,b) shows

the snapshots of the TBA crystallization behavior on the cooled

glass plate. These images show that TBA formed equiaxed nee-

dle-like crystals. To compare the crystal shapes, the crystal

growth behavior of Dx on the cooled plate was also observed,

and one of the snapshots is shown in Figure 6(c). As can be

observed, the Dx crystal shape was totally different from that of

TBA. Figure 6(d) shows the crystalline morphology of TBA fro-

zen in the microtube. The crystals were aligned along the path

of the microtube, and the average diameter of the TBA needle-

like crystals in the tube was approximately 8.38 lm.

The results of the visual observations of the TBA crystallization

behavior on the cooled glass plate indicate that the needle-like

crystals of TBA were not oriented in a specific direction; how-

ever, the crystals could be oriented by being grown in tubular

spaces.

Porous Structure of the Dx/TBA/DUDM

Binary Solvent System

Figure 7 shows the SEM micrographs of the porous structures

of the samples prepared from the Dx/TBA/DUDM binary sol-

vent system. The cross-sections (a, c, and e) were taken perpen-

dicular to the freezing direction, and (b, d, and f) were taken

parallel to the freezing direction. The DUDM concentrations of

(a and b), (c and d) and (e and f) were 10, 15, and 20 wt %,

respectively. The weight ratios of Dx/TBA/DUDM were 72/18/

10 (10 wt %), 68/17/15 (15 wt %), and 64/16/20 (20 wt %).

A multihollow-core honeycomb structure was observed for all

of the samples. This structure consists of two different hollow

tubular structures. One tubular structure is noncircular with an

atypical cross-sectional area and is aligned along the freezing

direction. As can be observed in Figure 7(a,c,e), the cross-sec-

tional size of the large hollow structure decreased with increas-

ing DUDM concentration. Figure 8 shows the 3D X-ray com-

puted tomography images of the samples prepared from (a) the

Dx/DUDM solution with 40 wt % DUDM and (b) the

Dx/TBA/DUDM binary solvent solution with 20 wt % DUDM.

The X-ray CT images show that both samples have a honey-

comb monolithic structure that is oriented along the freezing

direction. These morphologies are notably similar to each other.

However, Figure 7 clearly shows that the samples prepared from

Dx/TBA/DUDM have another hollow structure, which could

not be detected by X-ray CT due to the size of the structure.

This small hollow structure was circular with a cross-section

approximately 5–10 lm in diameter and was aligned along the

freezing direction. The walls of the large hollow structure were

smooth, which is a feature similar to that of the structure pre-

pared from the Dx/DUDM unary solvent system with 40 wt %

DUDM [Figure 3(f)]. A high concentration of DUDM could

stabilize the crystal growth, even during the unidirectional freez-

ing process of the Dx/TBA/DUDM binary solvent system. It is

reasonable to assume that the large-sized hollow structure is

associated with the Dx crystals and that the smaller one is asso-

ciated with the needle-like TBA crystals.

Formation Mechanism of the Multihollow-Core

Honeycomb Structure

The formation mechanism of the multihollow-core honeycomb

structure can be considered in the follow way. Figure 2 shows

the relation between the freezing point temperature and the

concentration ratio of the Dx/TBA binary solution. During

the freezing process, the solution temperature decreased from

room temperature toward its freezing point, as illustrated by the

dashed line in Figure 2. At the freezing point, solid–liquid phase

separation occurred, and the crystallization of Dx began. The

Dx crystals grew along the freezing direction. The Dx in the

solution was consumed for crystal growth, as illustrated in

Figure 9. Schematic drawing of the unidirectional crystal growth of the

Dx/TBA binary solvent system.

Figure 8. 3D X-ray computed tomography images. (a and c) The Dx

single solvent with 40 wt % DUDM. (b and d) The Dx/TBA 80/20 (w/w)

binary solvent solution with 20 wt % DUDM. The arrows in (a and b)

indicate the direction of unidirectional freezing. (c and d) show the

cross-sections taken perpendicular to the freezing direction.



Figure 9(a). TBA and DUDM are expelled from the Dx crystal

phase. After further lowering the temperature to freeze in the

Dx crystallization, the solution became TBA-rich. The crystalli-

zation of TBA began when the TBA/DUDM condensed solution

temperature was lowered to �10�C. As shown in Figure 6(a,b),

TBA has a needle-like crystal, which tends to grow equiaxially

[Figure 6(b)]; however, in a confined space, such as a micro-

tube, the crystals grow along the guided direction [Figure 6(d)].

During the unidirectional freezing process of the Dx/TBA/

DUDM binary solvent system, Dx crystallized first and estab-

lished crystalline columns, which could confine and guide the

growth of the TBA needle-like crystals along the freezing direc-

tion, even in the high DUDM concentration solution. This for-

mation mechanism of the multihollow-core structure via the se-

quential growth of Dx and TBA is illustrated in Figure 9.

To confirm the relation between the cell morphology and the

sequence of Dx and TBA crystallization, a Dx/TBA/DUDM

solution with a TBA/Dx weight fraction of 50/50 was also

unidirectionally frozen to obtain porous samples (Figure 10).

Because the 50/50 weight fraction is close to the eutectic point

of Dx/TBA, as shown in Figure 2, Dx and TBA started to crys-

tallize at the same time. That is, the needle-like crystals of TBA

were formed at the same time that Dx started to crystallize.

Therefore, the growth of the TBA crystals was not confined by

the Dx crystal columns. The honeycomb structure associated

with the Dx crystals, as well as the small hollow structures 5–10

lm in diameter, could not be prepared from the Dx/TBA/

DUDM system with a 50/50 TBA/Dx weight fraction.

CONCLUSIONS

Unidirectional freezing of the DUDM solution of the unary sol-

vent systems Dx and TBA and of the binary solvent system Dx/

TBA was individually conducted with subsequent photopolyme-

rization. Anisotropic honeycomb structures were obtained. A

higher degree of constitutional supercooling directly led to crys-

tal growth instability during the unidirectional freezing process.

For conventional polymer/solvent systems, a small amount of

impurity or a large amount of solute induce the depression of

the freezing point and crystal growth instability. A dendritic

structure is formed with an increase in the amount of impurity

or solute. A lower-molecular-weight solute, such as DUDM,

exhibits a higher solubility in solvents. This higher solubility

reduces the gradient of the freezing temperature profile of the

solution at the crystal surface and lowers the degree of constitu-

tional supercooling and the instability of the crystal growth. As

a result, a cellular structure can be formed with an increase in

the amount of solute. By using two different solvents, a multi-

hollow-core honeycomb structure was obtained. This hollow

structure was formed by exploiting the sequential growth of Dx

and TBA crystals during the unidirectional freezing process and

the difference in the crystalline shapes of the two solvents. The

experimental results verified that the unidirectionally frozen

crystal structure could be controlled by the individual crystal

structures of the solvent molecules and by the ratio of the

concentrations of the two solvents.
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