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ABSTRACT 

Low-bulk density flexible porous monoliths were prepared using methyltrimethoxysilane 

(MTMS) and dimethyldimethoxysilane (DMDMS) as coprecursors and by controlling phase 

separation under the appropriate conditions. By changing the ratio of the aqueous solution to 

precursors it was possible to control the microstructure of the resulting porous monoliths or to 

prepare microparticles. These marshmallow-like gels had a skeleton diameter of a few 

micrometers and pore diameter of several tens of micrometers as well as showed high flexibility 

against compression and bending and a low thermal conductivity of ~30 mW m−1 K−1 at room 
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temperature. It was also shown that these materials can be used as a liquid nitrogen retention 

material by packing gels of these materials in a vacuum-insulated water bottle to build a simple 

container for cryopreserved embryos. 
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HIGHLIGHTS 

⚫ Flexible porous monoliths were prepared using silicon alkoxides as coprecursors. 

⚫ The obtained gels showed a thermal conductivity of 30 mW m−1 K−1 at room temperature. 

⚫ The macropores were able to be applied to LN2 retention to maintain low temperatures. 
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1. Introduction 

Porous monoliths are structural materials that have been used for a long time before the 

development of contemporary science and technology. They have been prepared from various 

materials, such as organic materials, ceramics, and biopolymers, and used for many purposes [1]. 

Recently, as global warming and resource shortages have intensified, energy-saving materials 

have attracted increasing attention, and porous materials have been investigated extensively as 

thermal insulators [2]. In particular, aerogel structures have excellent thermal insulation 

properties [3-9]. However, aerogels with high thermal insulation (thermal conductivity < 15 

mW m−1 K−1) have a fine structure and low bulk strength, resulting in deformation and cracks 

from slight shocks or friction, which compromises their external shape, porous structure, and 

physical properties. Additionally, aerogels require a high-pressure drying process using a 

supercritical fluid, which takes a long time that depends on the sample size [10]. Consequently, 

the materials cost dozens or hundreds of times more than conventional materials, such as glass 

fiber and urethane foam, which are common thermal insulating materials for houses and 

automobiles. 

Since the first report of aerogels in 1931, many researchers have worked on improving 

their mechanical strength [11]. For example, Leventis and Meador et al. strengthened the 

structure of silica aerogels by surface modification, but the resultant silica aerogels were brittle 
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and lacked the original’s excellent physical properties [12-17]. Kanamori et al. obtained 

monoliths via evaporative drying by preparing an aerogel with polysilsesquioxanes (CH3SiO1.5) 

[18]. They prepared transparent aerogel-like xerogel insulation panels measuring several tens of 

centimeters square without special processes such as supercritical drying. The aerogels 

recovered their original shape after uniaxial compression, and the composites with nanofibers or 

thiols withstand slight bending [19, 20]. Although these mechanical properties are a slight 

improvement over those of silica aerogels, the aerogels could not be bent like plastic to conform 

to a curved surface. Silica aerogel-blanket bendable composites have been commercialized as a 

high performance insulation material for over 10 years. However, they are not widely used due 

to their high cost. 

We have focused on fabricating flexible porous monoliths that can be dried under ambient 

pressure [21-23]. Marshmallow-like gels (MGs), first reported in 2011 [21], are macroporous 

monoliths that have shown high flexibility against bending and compression, and reproduction 

experiments by universities and companies have confirmed these features. Marshmallow-like 

gels are obtained by using tri- and bi-functional silicon alkoxides as precursors and controlling 

the phase separation with a quaternary ammonium salt, such as n-hexadecylammonium chloride 

(CTAC), n-hexadecylammonium bromide, or 

3-(hexadecyldimethylammonio)propane-1-sulfonate, as a cationic surfactant. Various types of 
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flexible macroporous monoliths have been reported, but our MGs have the advantage of using a 

simple fabrication process that can be reproduced even by high school students. 

Marshmallow-like gels are obtained by evaporative drying despite the low bulk density and 

have unique properties in addition to their flexibility. For example, methyltrimethoxysilane 

(MTMS)-dimethyldimethoxysilane (DMDMS) gels have high water-repellency without surface 

treatment and their water droplet contact angle is more than 150° [24, 25]. Because these 

materials absorb organic liquid quickly, they can be used as a sponge-like oil/water separation 

media. Due to their high chemical stability, the materials are not degraded by ultraviolet rays, 

oxygen, and moisture. The heat resistance of MGs (> 300 °C) is higher than that of ordinary 

polymers, whereas the cold resistance (glass transition temperature) is approximately −130 °C. 

Marshmallow-like gels maintain some flexibility even in liquid nitrogen and have more 

durability against uniaxial compression and bending than other organic polymers. Because of 

these properties, the gels can absorb and squeeze liquid nitrogen like a sponge. These porous 

materials are expected to have a thermal insulation performance equivalent to that of a 

commercially available high-performance thermal insulating material, although not as high as 

silica aerogels. 

In this report, the structural control of MGs and their application as a thermal insulating 

material are reported. In addition to measuring the thermal conductivity at room temperature, 
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their retention of liquid nitrogen was also investigated. Various types of mutant mice are used in 

biology and medicine, and the need for transporting cryopreserved mouse embryos and sperm is 

increasing. Long-term storage and transport of frozen embryos and sperm requires a constant 

temperature of −150 °C or less, which is achieved by using liquid nitrogen as a refrigerant [26]. 

The transport of cryopreserved embryos and cells uses a special container (dry shipper) in which 

a liquid nitrogen absorbent is embedded, but this equipment is large, heavy, and expensive to 

use frequently. Researchers in Japan make small transfers of materials that take from several 

tens of minutes to several hours, for which the present containers are overspecified in the case 

of using public transport. Therefore, reducing the size and weight of these transportation 

containers is desirable. Additionally, the budgets of young Japanese researchers have decreased, 

increasing the need for inexpensive laboratory instruments. A simple, inexpensive 

cryopreserved embryo container that uses the thermal insulation and liquid nitrogen-holding 

capabilities of MGs is reported herein. 

 

2. Experimental 

2.1. Materials 

Acetic acid was purchased from Wako Pure Chemical Industries, Ltd., Japan and urea 

was purchased from Hayashi Pure Chemical Industry, Ltd., Japan. Methyltrimethoxysilane 
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(MTMS), DMDMS, and CTAC were obtained from Tokyo Chemical Industry, Ltd., Japan. All 

reagents were used as received. 

 

2.2. Sample preparation 

First, 1.0 g of CTAC, x mL of 5 mM aqueous acetic acid, and 0.33･x g of urea were 

mixed in a PFA sample tube. Then, 3.0 mL of MTMS and 2.0 mL of DMDMS were added 

under vigorous stirring at room temperature, and the mixture was stirred for 30 min. The molar 

ratios of acetic acid:urea and MTMS:DMDMS:surfactant were 1.0:3.3 × 103 and 3.0:2.0:4.3 × 

10−1, respectively. The sol was poured into a mold, placed in a tightly sealed container, and 

heated at 80 °C for 6 h to complete the gelation and aging. The gels were washed with water 

and ethanol, and the solvents were changed every few hours to remove any residual surfactant 

and other chemicals. The samples were dried with an oven or a hot plate at 70 °C. A sample 

using x mL of acetic acid to 5 mL of alkoxide was called MG-x. 

 

2.3. Sample characterization 

The microstructure of monolithic MGs was observed using scanning electron microscopy 

(SEM; JSM-6060S, JEOL, Japan) and micro computed tomography (micro-CT; 

ScanXmate-D160TSS105/11000, Comscantecno Co., Ltd., Japan). Three-dimensional 
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reconstructions of the micro-CT images were produced with ImageJ/Fiji.[27, 28] The 

mechanical properties of the aerogels were measured with a material tester (EZ-SX, Shimadzu 

Corp., Japan). For uniaxial compression tests, carved gels (typical length × width × height of 15 

× 15 × 10 mm) were compressed-decompressed with a load cell of 500 N at a rate of 1.0 mm 

min−1. The thermal conductivity was measured using a heat flow meter (HFM 436 Lambda, 

Netzsch GmbH, Germany). The size of the specimens was 160 × 160 × 10 mm and the bulk 

density of the samples was calculated from the size and weight. Because the monoliths were 

soft and the surface was rough, each measurement had an error of approximately 5 to 10 %. The 

particle size distribution of the silicone particles was evaluated using dynamic light scattering 

(DLS; Zetasizer Nano-ZS, Malvern Instruments Ltd., UK). 

 

2.4. Preparation and evaluation of a cryopreserved embryo container 

Approximately 50 g of an MG or cloth was wrapped around an aluminum sleeve (C-22, 

MY SCIENCES Co., Ltd., Japan) cut to approximately 20 cm and packed in a vacuum-insulated 

water bottle (THERMOS MOTION JMZ-600, Thermos K. K., Japan). Liquid nitrogen was 

poured into the bottle, allowed to absorb into each material for several minutes, and then the 

unabsorbed liquid nitrogen was poured away. The liquid nitrogen absorption was measured by 

the weight difference in the bottle before and after absorption. Thermal retention was 
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determined by measuring the temperature inside the bottle after liquid nitrogen absorption at 

intervals of 10 min using a thermocouple thermometer (TX-1001, Yokogawa Meters & 

Instruments Corp., Japan; type K thermocouple probes). To evaluate the application of the 

materials to a cryopreserved embryo container, two-cell stage embryos (C57BL/6J Jcl) from in 

vitro fertilized mice were used. A previously reported freezing/thawing procedure for two-cell 

stage embryos was used [29]. Tubes containing approximately 40 frozen embryos were placed 

in an aluminum sleeve in a bottle containing absorbed liquid nitrogen. After a period of time, 

the frozen embryos in the tube were thawed and the number of two-cell and four-cell stage 

embryos was examined by microscope to determine the survival rate in the bottle (Fig. S1). 

Observations were performed at 60, 120, and 180 min or at 180, 360, and 540 min. To reduce 

the effect of temperature change due to opening and closing of the bottle, fewer embryos were 

loaded into the sample tubes than would be loaded during normal use. The experiments were 

performed without refilling the MG or cloth to confirm reusability. 

 

3. Results and Discussion 

3.1 Structural control of MGs 

Marshmallow-like gel samples were prepared by a process that improved on the method 

reported in 2011 [21]. It has been reported that the properties of MG can be controlled by 
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adjusting the starting composition ratio of tri- and difunctional alkoxides. However, this control 

method does not greatly change the morphology of the MGs across the composition range, 

leaving it with sufficient compression/bending strength. To control the thermal conductivity, the 

pore size must be altered substantially [9]. Therefore, the microstructure was controlled by 

changing the starting ratio of the aqueous solution to the precursors. Table 1 summarizes the 

physical properties of the MGs, where a sample using x mL of acetic acid to 5 mL of alkoxide is 

named MG-x. Monolithic flexible gels were obtained via evaporative drying with compositions 

up to approximately 20 mL (MG-20) of aqueous acetic acid to 5 mL of alkoxide (Fig. 1, Movie 

S1). At compositions containing 25 mL or more of aqueous acetic acid, gelation did not occur, 

and dispersions of spherical particles that were stable for at least 1 month at room temperature 

were obtained instead. 
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Table 1  Properties of the MGs. 

Sample State Bulk density 

[g cm−3] 

Porosity 

[%] 

Thermal 

conductivity 

[mW m−1 K−1] 

Volume-mean 

particle diameter 

[nm] 

MG-5 Monolith 0.22 85.0 38.1  

MG-10 Monolith 0.15 89.8 29.1  

MG-15 Monolith 0.11 92.5 30.1  

MG-20 Monolith 0.07 95.2 29.1  

MG-25 Microparticle    2.8 × 102 

MG-30 Microparticle    1.7 × 102 

MG-35 Microparticle    9.3 × 10 

MG-40 Microparticle    6.8 × 10 

MG-50 Microparticle    3.1 × 10 

MG-60 Microparticle    2.8 × 10 

MG-80 Microparticle    2.0 × 10 

MG-100 Microparticle    1.6 × 10 
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Fig. 1  Photographs of the marshmallow-like gel MG-15 during evaporative drying (left to 

right). The monolithic gel shrinks temporarily by the capillary force during drying but 

re-expands by elastic force. 

 

Fig. 2 shows the SEM images of MGs obtained with 20 mL or less of acetic acid. The 

microstructure of the MGs resembles spherical particle aggregates with thick necks. This 

structure seems to be the result of the progress of spinodal decomposition, induced during 

polymer elongation, over bicontinuous structure due to the strong hydrophobicity of silicone. 

The SEM observations and nitrogen adsorption measurements showed that there were no 

mesopores in the MGs and that the skeleton surface was smooth. Although the diameter of the 

skeleton was approximately 3 μm, it varied slightly with the amount of aqueous acetic acid used. 

The skeleton of MG-20 was approximately 20 % thinner than that of MG-5. The bulk density 

decreased as the amount of acetic acid decreased and reached a minimum of 0.07 g cm−3 for 

MG-20. The Young's modulus also decreased with the bulk density, and every gel showed 

elasticity. After 80 % uniaxial compression, MG-10, MG-15, and MG-20 completely recovered 
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their original volume and shape (Fig. 3). However, some MG-5 samples collapsed slightly at the 

outer edges at 50–80 % compression. 

 

 

Fig. 2  SEM images of the marshmallow-like gels: (a) MG-5, (b) MG-10, (c) MG-15, and (d) 

MG-20. 
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Fig. 3  Stress-strain curves of the marshmallow-like gels against uniaxial 

compression-decompression. 

 

The particle size distributions of the dispersions obtained with 25 mL of aqueous acetic 

acid or more were obtained by DLS. The smaller the ratio of the precursors in the starting 

composition, the smaller the obtained silicone particles were (Table 1, Figs. 4(a) and S2). We 

have reported a method to prepare microparticles using shearing by stirring a sol in the 

composition range for gelation mentioned above [30]. The current results showed that smaller 

particles can be obtained without stirring. Because the surface of the monolithic MGs is 

hydrophobic, the microparticles were also water repellent. The particles washed and centrifuged 

with ethanol were hydrophobic, and when droplets of water were placed on the powder, they 

formed liquid marbles (Fig. 4(b)) [31-33]. The silicone particles were stable in dispersions for a 

long time, owing to the cationic surfactant. 
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Fig. 4  (a) Particle size distribution of the MG particle dispersions. (b) Liquid marble formed 

with MG-30 particles. The diameter is 2.8 mm. 

 

We attempted to control the phase separation structure by increasing the amount of urea 

in the starting composition to accelerate the increase in the pH, which causes 

polycondensation/gelation. However, changing the amount of urea had almost no effect on the 

monoliths and particle dispersions (Figs. S3 and S4). 
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3.2 Thermal conductivity of the MGs at room temperature 

The thermal conductivity of porous monoliths is the sum of the thermal conductivities of 

the gas phase, solid phase, and radiation. For porous thermal insulators, controlling the thermal 

conductivity in the gas phase (momentum exchange of gas molecules) is particularly important, 

and performance can be improved by controlling their pore size [2, 34, 35]. In MGs, as the 

amount of aqueous acetic acid in the starting composition increases, the proportion of the 

skeletal phase occupying the internal space decreases, allowing the pore size to be controlled. 

The thermal conductivity of MG-5 was 38.1 mW m−1 K−1, and MG-10, MG-15, and MG-20 had 

conductivities of approximately 30 mW m−1 K−1 (Table 1). MG-5 had a high thermal 

conductivity because the bulk density was higher than that of other samples and because the 

thermal conductivity of the solid phase contributed more. In contrast, the thermal conductivities 

of MG-10, MG-15, and MG-20 were similar because the gas phase and solid phase did not 

substantially change The mean free path of air molecules is approximately 68 nanometers under 

ambient conditions, whereas the pores in the MGs were several tens of micrometers. The pore 

size was so much larger than the mean free path that it did not affect the thermal conductivity of 

the gas phase when the pore size changed by several tens of percent. 

Although it is difficult to decrease the thermal conductivity of MGs to match that of silica 
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aerogels, it was as low as commercially available high-performance thermal insulating materials 

[36]. Marshmallow-like gels could be used as highly compressible and flexible special thermal 

insulators for applications such as protecting narrow piping. 

 

3.3 Liquid nitrogen retention capacity of MG and its application to cryopreserved cell 

containers 

Marshmallow-like gels are obtained by the evaporative drying of wet gels without 

destroying their microstructures, which is possible due to their flexibility. These gels can be 

impregnated with liquids non-destructively from this dried state. This reversible drying and 

wetting is a feature not found in most aerogel-like xerogels that are used for thermal 

superinsulation and are obtained via evaporative drying, but they are reported in flexible 

macroporous materials [37]. We have reported using MGs as a water/oil separation medium by 

taking advantage of the reversible wetting and the hydrophobicity of the surface [24]. Similarly, 

liquid nitrogen can be absorbed by and squeezed from MGs similarly to a sponge. At the 

temperature of liquid nitrogen, the MG is in a glass state, but it returns to its original state at 

room temperature without harming the microstructure. Porous monoliths can store liquid and 

show slow evaporation because capillary forces lower the vapor pressure (Fig. S5) [38]. 

Because the MGs have high porosity and macropores measuring tens of micrometers wide 
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(Movie S2), they retain more than 90 % of their volume for a long time. Furthermore, when 

retaining a low temperature liquid, the hydrophobic surface (Movie S3) prevents contamination 

by water and moisture that would gradually damage the macroporous structure. To apply these 

properties, a simple transport vessel for frozen embryos was prepared investigated that used 

MG as a liquid nitrogen retention material. 

First, the amount of liquid nitrogen absorption and the thermal retention of MG-15 were 

compared with those of fiber cloths made from cotton, rayon, or polyester (PE) (Fig. S6). 

Experiments were conducted on self-made “DIY” containers filled with a sleeve, cloth, and MG 

in a commercially available vacuum-insulated water bottle (Fig. 5). Fig. 6 shows the amounts of 

liquid nitrogen absorbed and the temperature change inside the container. MG-15 kept the 

container below −150 °C for 10 h, which was more than twice the time achieved by the cloths. 

Frozen two-cell embryos were placed into a container packed with MG-15 or PE to retain liquid 

nitrogen, and the survival rate was measured after a certain durations. Although the embryos 

died after approximately 4 h for the container with PE, the one with MG maintained a high 

survival rate for 9 h or more (Fig. 7 and Table S1). Two processes cause the high liquid 

nitrogen-holding capacity of MG: the diffusion of nitrogen evaporating from the interior of the 

seamless monolithic gel slows down [39] and the vapor pressure reduction due to the capillary 

force mentioned above. Since the outer shape and microstructure of an MG is deformed during 
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evaporative drying, it is impossible to simply apply an evaporation model to existing porous 

monoliths [39-43], but there is a possibility of improving its performance by controlling their 

flexibility. 

  

 

Fig. 5  (a) Photograph of the cryopreserved cell container parts. From left to right: measuring 

tape, sample tube, cane, sleeve, marshmallow-like gel MG-15, vacuum-insulated water bottle. 

(b) Photograph of the assembled container. 
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Fig. 6  (a) The liquid nitrogen retention weight of the container filled with each material. (b) 

Temperature changes of the cryopreserved cell containers over time. 
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Fig. 7  Survival rate of two-cell stage embryos and four-cell stage embryos after storage in a 

cryopreserved cell packed with (a) PE or (b) MG-15 (see also Table S1). 

The performance of the frozen embryo container made of MG-15 and a 

vacuum-insulated water bottle is sufficient for transporting frozen embryos and cells between 

neighboring universities and facilities, and this idea has already been put to practical use. The 

macroporous monoliths can also be used to maintain low temperatures for high-temperature 

superconducting electromagnets. To put those devices into widespread practical use, it is 

necessary to maintain a low temperature for a long time. Research on porous monoliths at low 

Gen Hayase
ハイライト表示
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temperatures has not been extensively reported but will become important in the near future. 

 

4. Conclusions 

Changes in the microstructure and physical properties of silicone MGs were investigated 

by varying the compositions of the starting materials. As the composition ratio of silicon 

alkoxides in the starting composition decreased, the skeleton became thinner. In compositions 

with a volume ratio of alkoxide:acetic acid of 1:5 or less, a stable dispersion of silicone particles 

was obtained instead of gelation. The thermal conductivity of the monolithic gels remained at 

approximately 30 mW m−1 K−1 below a certain density. The MGs absorbed liquid nitrogen 

better than cloth. From a vacuum-insulated water bottle and the MGs, simple cryopreserved 

embryo containers were prepared that could be used for approximately 10 h. Marshmallow-like 

silicone gels are simple to fabricate, even by researchers who do not have specialist knowledge 

in material chemistry. We hope that MGs will be used as a liquid nitrogen retention material in 

various fields. 
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