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A number of research groups have been studying the
preparation of hydrophobic and oleophobic surfaces, both
for pure scientific interest and industrial applications. These
studies are drawing increasing attention because of the
growing demands for applications such as anti-fingerprint
touch panels on electronic devices and solar panels that can
prevent output fall from dust and smears on the surface by the
self-cleaning effect.[1] In nature, many examples of super-
hydrophobic surface exist with a water contact angle of more
than 1508, such as eyes of mosquitos and lotus leaves,[1a, 2] and
these are important for their survival. Their non-wetting
surfaces possess a combination of nano- or microscaled
roughness[3] and low surface energy, which are known for the
key of creating artificial superhydrophobic surfaces.[1a] How-
ever, most of the superhydrophobic materials can easily be
wetted by organic liquids because of the lower surface tension
of the liquids. In recent years, techniques for creating
oleophobic surfaces have been vigorously investigated. A
promising way to obtain a surface with a contact angle of
more than 1508 for organic liquids is to make rough micro-
structures covered with perfluoroalkyl groups, which are
bound on some kinds of polyhedral oligomeric silsesquiox-
anes (POSS),[4] monomeric silanes,[5] and polymers.[6] How-
ever, the reported technologies to achieve superamphipho-
bicity are limited in the forms of films and fibers. As far as we
know, there have been no reports on monolithic super-
amphiphobic materials that can be prepared in a wide range
of thickness and in any shapes.

We have been recently investigating marshmallow-like
gels derived from tri- and difunctional alkoxysilanes as co-
precursors through a facile one-pot sol–gel reaction.[7] These
silicone-based macroporous materials have high porosity
(> 90%), flexibility both for compression and bending, and
built-in superhydrophobicity. The marshmallow-like gels can
be used like a sponge for quick removal of organic liquids/oils
from oil–water mixtures for environmental purposes and for
new solid-phase extraction media in analytical chemistry. By
changing the combination of the alkoxysilanes, various kinds
of marshmallow-like gels with different functional groups can
be obtained. For example, in the case of methyltrimethox-
ysilane-dimethyldimethoxysilane copolymer system, the
obtained gels are composed of the cross-linked polydimeth-
ylsiloxane (PDMS)-like molecular structure. They retain the
flexible mechanical properties over a wide temperature range
from �130 8C to 320 8C, as evidenced from thermal and
mechanical analyses. Moreover, owing to their elasticity and
bendability even at temperature of under �196 8C, we can
successfully absorb and squeeze-out liquid nitrogen. In the
case of (3-mercaptopropyl)trimethoxysilane-(3-mercaptopro-
pyl)methyldimethoxysilane copolymer system, gold ions can
be adsorbed on the pore surface by the mercapto groups.

We employed a vinyltrimethoxysilane (VTMS)-vinylme-
thyldimethoxysilane (VMDMS) co-precursor system to pre-
pare the first superamphiphobic monolith. The VTMS-
VMDMS marshmallow-like gel can be obtained by four
simple, routine steps within half a day: 1) mixing VTMS,
VMDMS, urea, and surfactant n-hexadecyltrimethylammo-
nium chloride (CTAC) in a dilute aqueous acetic acid
solution, and stirring for 60 min at room temperature for
acid-catalyzed hydrolysis of alkoxysilanes; 2) transferring the
resulting transparent sol to an oven for gelation and aging at
80 8C over several hours to promote the siloxane network
formation under basic conditions, which is brought up by the
hydrolysis of urea into ammonia; 3) washing with alcohol by
hand; and 4) evaporative drying under ambient conditions
(Figure 1a). The obtained gel (MG1) shows enough marsh-
mallow-like flexibility to recover their original shape from
80% uniaxial compression and 3-point bending (Figure 2;
Supporting Information, Figure S1). This material has a super-
hydrophobic surface with a water contact angle of 1538, which
is due to the negligible amount of residual hydrophilic silanol
groups, as characterized by 29Si solid-state cross polarization/
magic angle spinning (CP/MAS) NMR spectroscopy (Sup-
porting Information, Figure S2).[8] However, MG1 does not
show oleophobicity, but absorbs organic liquids quickly like
a sponge (Figure 3a) as mentioned before.
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To transform the superhydrophobic gel into the super-
amphiphobic one, the thiol–ene click reaction, which is well-
known as a facile and reliable method to bind molecules for
the purpose of surface modification as well as in organic
synthesis,[9] has been used. We attached perfluoroalkyl groups
to the rich vinyl groups on the pore surface of MG1 (0.5 g,
6.2 mmol) by soaking in 50 mL of a 2-propanol solution
containing 10 v/v% 1H,1H,2H,2H-perfluorodecanethiol
(18 mmol, excess) with a catalytic amount of N,N’-azobisiso-
butyronitrile (AIBN, a radical initiator) for 10 h, and charac-
terized surface and microstructure of the obtained gel (MG2;
Figure 1b). By an X-ray photoelectron spectroscopy (XPS)
survey spectra, the presence of the elements F (F1s at
688.6 eV) and S (S2p at 163.8 eV)[10] is detected on MG2
(Figure 4a). Consistent with the elemental analysis (C, H, F)

results, the fluoride content on the surface of MG2 is around
50 atom %, which indicates that 1H,1H,2H,2H-perfluorode-
canethiol is well-attached to the vinyl groups, covering the
most part of the macropores of MG1. Unreacted vinyl groups
are also detected from FTIR spectroscopy (=CH2 wagging at
970 cm�1, C=C twist at 1000 cm�1, =CH2 scissor at 1400 cm�1,
and C=C stretching at 1600 cm�1)[11] and 13C solid-state
dipolar decoupling/magic angle spinning (DD/MAS) NMR
spectra (Figure 4b,c). The percentage of reacted vinyl groups
is only 3–5 % by estimating from the density change of MG1
and MG2 (0.122 g cm�3 and 0.157 gcm�3, respectively),
13C NMR spectra, and elemental analysis, simply because
the perfluoroalkyl groups are attached only onto the vinyl
groups on the macropore surface. The rather large perfluor-
ododecanethiol molecules could not permeate into the core of
the nonporous micrometer-sized skeletons. During this sur-

Figure 1. a) One-pot acid–base sol–gel synthesis for the VTMS-
VMDMS marshmallow-like gel (MG1). b) Synthetic approach for the
oleophobic MG2 by attachment of perfluoroalkyl groups onto the vinyl
groups on MG1 pore surface by the thiol–ene click reaction. From
SEM observations, no changes are found in the macroporous mor-
phology by the reaction.

Figure 2. Stress–strain curves of an a) uniaxial compression test and
b) 100 cycles of a three-point bending test on the sample MG1. In
both cases, VTMS-VMDMS marshmallow-like gels perfectly recover
their original shape (see also the Supporting Information, Figure S1).

Figure 3. a) The superhydrophobic marshmallow-like gel (MG1) and
the superamphiphobic marshmallow-like gel (MG2). MG2 floats on
1,3,5-trimethylbenzene (colored by Oil Red O) by its surface tension,
while MG1 absorbs it. The colorless liquid at the bottom is water.
b) The contact angle of n-hexadecane is 1518. c) MG2 with droplets of
water, ethylene glycol, formamide, 1-bromonaphthalene, diiodome-
thane, and n-hexadecane.

Figure 4. a) XPS survey spectrum of MG2, revealing the presence of F.
b) FTIR spectra of 1H,1H,2H,2H-perfluorodecanethiol, MG1, and
MG2. c) 13C Solid-state DD/MAS spectra of MG1 and MG2. Four
percent of vinyl groups are reacted by the thiol–ene click reaction. For
MG2: 13C NMR d = 0.38 (s, Si-CH3, overlapped with Si-CH2), 22.77–
32.57 (t, CF2-CH2), 50.41 (s, OCH3), 109.17–118.33 (m, other carbons
in CF3 and CF2), 131.76 (s, CH=CH2), 136.31 (s, CH=CH2).

[14] Two
peaks at about 60 ppm are spinning sidebands.

Angewandte
Chemie

10789Angew. Chem. Int. Ed. 2013, 52, 10788 –10791 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


face reaction, there is no change in the microstructure, which
possesses enough roughness to have a high water contact
angle (Figure 1b). After the treatment, MG2 acquired super-
oleophobicity (Figure 3a; Supporting Information, Movie
S1). The contact angles of water and n-hexadecane are 1608
and 1518, respectively (Figure 3b,c). Likewise, the surface of
monolithic MG2 shows superoleophobicity for ethylene
glycol, formamide, diiodomethane, and 1-bromonaphthalene
(Figure 3c). From these results, it can be concluded that the
hydrophobic monolithic macroporous silicone gels bearing
vinyl groups on the surface is imparted with oleophobicity by
a facile process.

Significant features of the marshmallow-like gel including
MG1 are not only the flexibility but also the wide controll-
ability in size and shape of the monolith. We obtained MG1 as
flexible sheets as well as bulky monoliths, which can be carved
into desired shape and size. These features are maintained in
MG2 (Supporting Information, Movie S1) because MG2 can
be obtained from MG1 only by the surface modification
without changing the original siloxane network and micro-
structure. The most important feature of MG2 is super-
amphiphobicity on any cutting surface. This can be explained
by the microstructure of marshmallow-like gels. Marshmal-
low-like gels have co-continuous structure derived from the
transient structure of spinodal decomposition.[7, 12] On cutting
any face, the fraction of the unmodified cores of intricate
micrometer-sized skeletons on the new surface plane is
appreciably low and the modified pore surfaces of the
skeletons largely contribute to the oleophobicity. In fact, it
is hard to recognize the cross-section of cut skeletons in the
SEM image (Supporting Information, Figure S3). Thus, non-
oleophobized core parts of the cutting surfaces of MG2 can be
ignored and this material keeps superamphiphobicity on any
surfaces after cutting into desired shape. Although marsh-
mallow-like gels are rather brittle against tensile stress and
friction owing to their thin skeletons, their superamphipho-
bicity is perfectly maintained. By this feature together with
low density, the machined MG2 can float on organic liquids
such as 1,3,5-trimethylbenzene and n-hexadecane by surface
tension for at least over a week without any change (Fig-
ure 3a; Supporting Information, Movie S2). These features
have not been reported on other materials to date. Thermog-
ravimetry–differential thermal analysis (TG-DTA) result
shows that MG2 is stable up to about 170 8C (Supporting
Information, Figure S4). At higher temperatures, the macro-
porous structure was gradually collapsed by oxidation and
degradation of vinyl groups.

In summary, we have successfully obtained the first
superamphiphobic monolith with contact angle greater than
1508 for both water and organic liquids, such as ethylene
glycol, formamide, diiodomethane, 1-bromonaphthalene, and
n-hexadecane. This material can be obtained in a facile
manner by a combination of the simple one-pot sol–gel
process and the thiol–ene click reaction. Co-continuous
macroporous structure covered with perfluoro-alkyl groups
supplies roughness and low surface energy, resulting in
superamphiphobicity on any cutting surfaces of the monolith.
The superamphiphobic marshmallow-like gel floats on the
surface of water and oils for long by surface tension. This

unique and outstanding monolithic material is expected to
pioneer the scientific and technological interests of three-
dimensional superamphiphobic materials. Furthermore,
novel applications to new self-cleaning and antifouling
surfaces, gas-permeable separators, medical/biomedical mate-
rials, and selective separation media for organic liquid would
be developed by carefully tuning the surface energy and
roughness of the monolith.[7a, 13] Formability of the material in
such as monoliths and sheets/membranes, as well as develop-
ing coating films and particles, would allow extended
applications in various fields.

Received: May 15, 2013
Published online: September 5, 2013

.Keywords: click chemistry · gels · hydrophobic effect · organic–
inorganic hybrid composites · sol–gel processes

[1] a) K. Liu, X. Yao, L. Jiang, Chem. Soc. Rev. 2010, 39, 3240 – 3255;
b) W.-L. Min, B. Jiang, P. Jiang, Adv. Mater. 2008, 20, 3914 –
3918; c) J. A. Howarter, J. P. Youngblood, Adv. Mater. 2007, 19,
3838 – 3843; d) M. Ma, R. M. Hill, Curr. Opin. Colloid Interface
Sci. 2006, 11, 193 – 202; e) R. Blossey, Nat. Mater. 2003, 2, 301 –
306.

[2] a) W. Barthlott, C. Neinhuis, Planta 1997, 202, 1 – 8; b) B.
Bhushan, Philos. Trans. R. Soc. London Ser. A 2009, 367,
1445 – 1486; c) K. Koch, B. Bhushan, W. Barthlott, Soft Matter
2008, 4, 1943 – 1963.

[3] a) R. N. Wenzel, Ind. Eng. Chem. 1936, 28, 988 – 994; b) A. B. D.
Cassie, S. Baxter, Trans. Faraday Soc. 1944, 40, 546 – 550.

[4] a) A. Tuteja, W. Choi, M. Ma, J. M. Mabry, S. A. Mazzella, G. C.
Rutledge, G. H. McKinley, R. E. Cohen, Science 2007, 318,
1618 – 1622; b) W. Choi, A. Tuteja, S. Chhatre, J. M. Mabry, R. E.
Cohen, G. H. McKinley, Adv. Mater. 2009, 21, 219 – 2195; c) H.
Wang, Y. Xue, J. Ding, L. Feng, X. Wang, T. Lin, Angew. Chem.
2011, 123, 11635 – 11638; Angew. Chem. Int. Ed. 2011, 50, 11433 –
11436.

[5] a) B. Leng, Z. Shao, G. de With, W. Ming, Langmuir 2009, 25,
2456 – 2460; b) C. Aulin, J. Netrval, L. Wagberg, T. Lindstrom,
Soft Matter 2010, 6, 3298 – 3305; c) J. Zhang, S. Seeger, Angew.
Chem. 2011, 123, 6782 – 6786; Angew. Chem. Int. Ed. 2011, 50,
6652 – 6656; d) X. Deng, L. Mammen, H.-J. Butt, D. Vollmer,
Science 2012, 335, 67 – 70.

[6] a) S. R. Coulson, I. S. Woodward, J. P. S. Badyal, S. A. Brewer, C.
Willis, Chem. Mater. 2000, 12, 2031 – 2038; b) Q. D. Xie, J. Xu, L.
Feng, L. Jiang, W. H. Tang, X. D. Luo, C. C. Han, Adv. Mater.
2004, 16, 302 – 305; c) A. Steele, I. Bayer, E. Loth, Nano Lett.
2009, 9, 501 – 505; d) T.-S. Wong, S. H. Kang, S. K. Y. Tang, E. J.
Smythe, B. D. Hatton, Al. Grinthal, J. Aizenberg, Nature 2011,
477, 443 – 447; e) J. Yang, Z. Zhang, X. Xu, X. Zhu, X. Men, X.
Zhou, J. Mater. Chem. 2012, 22, 2834 – 2837.

[7] a) G. Hayase, K. Kanamori, K. Nakanishi, J. Mater. Chem. 2011,
21, 17077 – 17079; b) G. Hayase, K. Kanamori, M. Fukuchi, H.
Kaji, K. Nakanishi, Angew. Chem. 2013, 125, 2040 – 2043;
Angew. Chem. Int. Ed. 2013, 52, 1986 – 1989.

[8] Z. Olejniczak, M. Leczka, K. Cholewa-Kowalska, K. Wojtach,
M. Rokita, W. Mozgawa, J. Mol. Struct. 2005, 744, 465 – 471.

[9] a) H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. 2001,
113, 2056 – 2075; Angew. Chem. Int. Ed. 2001, 40, 2004 – 2021;
b) J. E. Moses, A. D. Moorhouse, Chem. Soc. Rev. 2007, 36,
1249 – 1262; c) C. E. Hoyle, C. N. Bowman, Angew. Chem. 2010,
122, 1584 – 1617; Angew. Chem. Int. Ed. 2010, 49, 1540 – 1573;
d) A. K. Tucker-Schwartz, R. A. Farrell, R. L. Garrell, J. Am.
Chem. Soc. 2011, 133, 11026 – 11029.

.Angewandte
Communications

10790 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 10788 –10791

http://dx.doi.org/10.1039/b917112f
http://dx.doi.org/10.1002/adma.200800791
http://dx.doi.org/10.1002/adma.200800791
http://dx.doi.org/10.1002/adma.200700156
http://dx.doi.org/10.1002/adma.200700156
http://dx.doi.org/10.1016/j.cocis.2006.06.002
http://dx.doi.org/10.1016/j.cocis.2006.06.002
http://dx.doi.org/10.1038/nmat856
http://dx.doi.org/10.1038/nmat856
http://dx.doi.org/10.1007/s004250050096
http://dx.doi.org/10.1039/b804854a
http://dx.doi.org/10.1039/b804854a
http://dx.doi.org/10.1021/ie50320a024
http://dx.doi.org/10.1039/tf9444000546
http://dx.doi.org/10.1126/science.1148326
http://dx.doi.org/10.1126/science.1148326
http://dx.doi.org/10.1002/ange.201105069
http://dx.doi.org/10.1002/ange.201105069
http://dx.doi.org/10.1002/anie.201105069
http://dx.doi.org/10.1002/anie.201105069
http://dx.doi.org/10.1021/la8031144
http://dx.doi.org/10.1021/la8031144
http://dx.doi.org/10.1039/c001939a
http://dx.doi.org/10.1002/ange.201101008
http://dx.doi.org/10.1002/ange.201101008
http://dx.doi.org/10.1002/anie.201101008
http://dx.doi.org/10.1002/anie.201101008
http://dx.doi.org/10.1126/science.1207115
http://dx.doi.org/10.1021/cm000193p
http://dx.doi.org/10.1002/adma.200306281
http://dx.doi.org/10.1002/adma.200306281
http://dx.doi.org/10.1021/nl8037272
http://dx.doi.org/10.1021/nl8037272
http://dx.doi.org/10.1038/nature10447
http://dx.doi.org/10.1038/nature10447
http://dx.doi.org/10.1039/c2jm15987b
http://dx.doi.org/10.1039/c1jm13664j
http://dx.doi.org/10.1039/c1jm13664j
http://dx.doi.org/10.1002/ange.201207969
http://dx.doi.org/10.1002/anie.201207969
http://dx.doi.org/10.1016/j.molstruc.2004.11.069
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1039/b613014n
http://dx.doi.org/10.1039/b613014n
http://dx.doi.org/10.1002/ange.200903924
http://dx.doi.org/10.1002/ange.200903924
http://dx.doi.org/10.1002/anie.200903924
http://dx.doi.org/10.1021/ja202292q
http://dx.doi.org/10.1021/ja202292q
http://www.angewandte.org


[10] a) X. Yao, J. Gao, Y. Song, L. Jiang, Adv. Funct. Mater. 2011, 21,
4270 – 4276; b) S. P. R. Kobaku, A. K. Kota, D. H. Lee, J. M.
Mabry, A. Tuteja, Angew. Chem. 2012, 124, 10256 – 10260;
Angew. Chem. Int. Ed. 2012, 51, 10109 – 10113.

[11] R. Al-Oweini, H. Ei-Rassy, J. Mol. Struct. 2009, 919, 140 – 145.
[12] K. Nakanishi, J. Porous Mater. 1997, 4, 67 – 112.
[13] a) S. M. Kang, S. M. Kim, H. N. Kim, M. K. Kwak, D. H. Tahk,

K. Y. Suh, Soft Matter 2012, 8, 8563 – 8568; b) A. Tuteja, W. Choi,

G. H. McKinley, R. E. Cohen, M. F. Rubner, MRS Bull. 2008, 33,
752 – 758; c) L. Joly, T. Biben, Soft Matter 2009, 5, 2549 – 2557;
d) A. K. Kota, G. Kwon, W. Choi, J. M. Mabry, A. Tuteja, Nat.
Commun. 2012, 3, 1025.

[14] a) N. Yoshino, Y. Yamamoto, K. Hamano, T. Kawase, Bull.
Chem. Soc. Jpn. 1993, 66, 1754 – 1758; b) A. L. Smith Ed., The
Analytical Chemistry of Silicones, Wiley, New York, 1991, p. 364.

Angewandte
Chemie

10791Angew. Chem. Int. Ed. 2013, 52, 10788 –10791 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/adfm.201100775
http://dx.doi.org/10.1002/adfm.201100775
http://dx.doi.org/10.1002/ange.201202823
http://dx.doi.org/10.1002/anie.201202823
http://dx.doi.org/10.1016/j.molstruc.2008.08.025
http://dx.doi.org/10.1023/A:1009627216939
http://dx.doi.org/10.1039/c2sm25879j
http://dx.doi.org/10.1557/mrs2008.161
http://dx.doi.org/10.1557/mrs2008.161
http://dx.doi.org/10.1038/ncomms2027
http://dx.doi.org/10.1038/ncomms2027
http://dx.doi.org/10.1246/bcsj.66.1754
http://dx.doi.org/10.1246/bcsj.66.1754
http://www.angewandte.org

