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Organogels versus Hydrogels: Advantages, Challenges,

and Applications

Mariia A. Kuzina, Dmitrii D. Kartsev, Alexander V. Stratonovich, and Pavel A. Levkin*

Organogels are an important class of gels, and are comparable to hydro-
gels owing to their properties as liquid-infused soft materials. Despite the
extensive choice of liquid media and compatible networks that can provide

a broader range of properties, relatively few studies are reported in this area.
This review presents the applicability of organogels concerning their choice
of components, unique properties, and applications. Their distinctive features
compared to other gels are discussed, including multi-stimuli responses,
affinity to a broad range of substances, thermal and environmental stability,
electronic and ionic conductivity, and actuation. The active role of solvents is
highlighted in the versatility of organogel properties. To differentiate between
organogels and other gels, these are classified as gels filled with different
organic liquids, including highly polar organic solvents and binary solvent
systems. Most promising applications of organogels as sophisticated multi-
functional materials are discussed in light of their unique features.

perature, light, pH, and mechanical defor-
mation. The broad functionality range of
organogels arises from the combination
of properties given by the organic liquid
and gelator components. Given the wide
choice of organic liquids and compat-
ible gelators, the properties and function-
alities of organogels are varied. Despite
their potential and increased research
interest in this field,@ there have been
few studies, as indicated by the number
of related publications (2253) during the
period 2012-2021 (Scopus), compared
with the number of papers mentioning
hydrogels (70956) during the same period
(Scopus). Hydrogels have been immensely
popular because they retain large amounts

1. Introduction

A gel is a non-fluid colloidal or polymer network that is
expanded throughout its whole volume by a fluid (IUPAC
Gold Book).ll Organogels are gels with organic liquids as the
fluid phase. They can swell and retain large (up to 99%) quan-
tities of the liquid phase, absorb and release substances, and
respond to various physical and chemical stimuli, such as tem-
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of water and aqueous solutions, often

making them biocompatible with natural

tissue-mimicking properties. Neverthe-
less, hydrogels have limitations with respect to the choice of
gelators,B¥ poor thermal and environmental stability,**! and
poor affinity to hydrophobic compounds.>®7I One of the main
advantages of organogels is that the choice of a liquid phase is
much wider than that for hydrogels, enabling more applications
of organogels compared with hydrogels. As an example, the
thermal stability of a gel can be manipulated using the boiling
point of the chosen solvent.®% Environmentally stable gels
can be created by swelling the gels with lubricants, providing
hydrophobicity,'* ice-phobicity,'>!3 and anti-biofouling prop-
erties.15] However, the application of organogels is not lim-
ited to achieving orthogonal properties of hydrogels, and new
combinations of the whole range of available gelators with all
kinds of organic liquids reveal the potential for the application
of multifunctional organogels.

One of the obstacles in understanding the potential of
organogels includes existing biases about their properties
(“hydrophobic,” “toxic,” and “non-conductive”’) owing to the
ambiguity regarding the classification of gels. Therefore, it is
important to establish a precise classification system for gels,
specifically organogels. To achieve this, the existing gel-related
terminology should be defined by the nature of the liquid (gas)
media or the active components of the gel, where gels con-
taining the organic fluid phase are classified as organogels.

Recent reviews about organogels have focused primarily
on physically cross-linked oil-based organogels applied as car-
riers for transdermal drug deliveryl’* or to replace trans-fat
in various food products.??2l Zeng et al. performed a detailed
study on organogels, including the relationship between
applied solvents and gelators and gel behavior and applications,
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and highlighted areas, such as i) anti-icing, ii) anti-fouling, iii)
droplet manipulation, iv) drug delivery, v) food processing, and
vi) other applications.l?) However, with the recently increased
research in this field, new functional materials have been
developed, opening new directions for the application of
organogels, such as actuators, supercapacitors, and oil-water
separation membranes. Besides, organogels are among the
most versatile and promising classes of multi-phase materials,
having the potential to outscore hydrogels and dominate in par-
ticular areas.

This review presents research progress in organogels with
distinctive, unconventional properties. As the focus is to high-
light new perspectives on organogels, we exclude previously
well-reviewed areas of organogels for the food industry and
transdermal drug delivery. To overcome existing biases and
ambiguity in the terminology of gels, we overview the existing
classification of gels and propose a precise definition of organo-
gels as a separate class. To further promote organogel devel-
opment, we focus on recent progress regarding their unique
capabilities, accentuating the active role played by organic sol-
vents in gel functionality. As distinctive perspective features for
the application of organogels, we consider the: i) multi-stimuli
response, ii) durability and long-lasting environmental stability,
iii) ability to absorb and release substances, iv) special wetta-
bility, and v) actuation.

2. Gel Classification

Owing to the wide range of gel-type materials and their complex
composition, it remains challenging to organize and classify gel
types. We summarize various principles for classifying gels into
classes and sub-classes (Figure 1). Except for the general term

Fluorogels lonogels Magnetogels PEGgels
|

—— by active species —

by the nature

Organogels
Oleogels

Fats, Paraffin oils,

B sl oils Hydrocarbons

*IUPAC definition

Alcohols, Ethers, Esters, Amines,
Amides, Acids, lonic liquids etc.

proposed by the IUPAC for gels (given at the beginning of this
review), there are several recommendations for types of gels
according to gel composition, namely “hydrogel,” “alcogel,”
“aerogel,” and “xerogel.” Hydrogels are classified as gels “in
which the swelling agent is water,”l!l and alcogels are gels “in
which swelling agent consists predominantly of an alcohol or
a mixture of alcohols.” The polymer networks where the “dis-
persed phase is a gas,” are called aerogels,!! whereas a xerogel
is an “open network formed by the removal of all swelling
agents from a gel.”ll Therefore, both aerogels and xerogels are
conventionally formed from initially wet gels. They are distin-
guished as follows: aerogels preserve most of the gel network
after removing the liquid phase, e.g., by the fast replacement of
the liquid with the gas, whereas xerogels are obtained via con-
ventional drying methods, causing significant shrinkage and a
collapse of the original gel network.[?’]

The recent trend in gel terminology is to differentiate gels
based on their main functional component. Many standard
terms have thus been established regarding the active species
giving special gel functionality: a liquid phase, a network, or
additional components. Examples of such terms include “iono-
gels” (functionality derived from the ionic liquid as a dispersed

phase) 24! “PEGgels” (functional phase is poly(ethylene
glycol)),1?>?"] “magnetogels” (gels containing magnetic nanopar-
ticles),?® and “fluorogels” (fluorinated compounds in the solid

or liquid state).’l The continuous updating of terms helps to
organize the gained common knowledge about particular gels,
but significantly limits their characterization as a class and hin-
ders clear and efficient scientific communication.

With increasing progress in gel research, existing terminol-
ogies do not include many developed functional gels. Impor-
tantly, for organogels, which are the second largest type of gels
after hydrogels, there is no standard terminology, and many

________ i Aerogels
dispersed phase is __|

a gas* Xerogels

— swelling agent removed* o

I
of swelling liquid |

Organohydrogels, Bigels

Alcogels* Hydrogels*

Water

Figure 1. Classification of gels based on their content. Gel types refer either to the nature of the swelling phase (gas, organic liquids, and water) or to
the most functional component (e.g., fluorinated monomers, ionic liquids, magnetogels, and PEG). Organogels and hydrogels can overlap when the
liquid phase is a mixture of aqueous and organic solvents. Gels, where liquid phases and/or 3D networks of opposite polarities are interconnected or
have a clear interface, are called organohydrogels or bigels. When classified based on the nature of the swelling liquid, organogels are gels filled with
organic liquids, including polar organic solvents and their aqueous mixtures, ionic liquids, fats, and oils, among others. This definition reflects the
most active role of the liquid phase in organogel functionality and their versatility as a separate class of gels.
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definitions currently co-exist. In recent publications, organo-
gels have been classified as follows: i) “Organogels (or oleogels)
contain apolar liquids, such as organic solvents or mineral or
vegetable oils, as their continuous phase;”3% ii) “Organogels
(hydrophobic polymer gels) are soft materials based on poly-
meric networks swollen in organic solvents;”!l and iii) Zheng
et al. reported that “Organogels are distinguished from hydro-
gels by adopting organic filling liquids.”®

Among those, iii) has the closest description for the whole
range of organogels, whereas i,ii) are limited to apolar or hydro-
phobic solvents only and specify only polymer or colloidal (a
liquid is the only continuous phase) networks. Therefore, we
define organogels as colloidal, supramolecular, or polymer 3D
networks filled with organic liquids. Such a definition gives
the flexibility required to classify the broad range of gels and to
combine existing organogels as a separate class. For example,
it does not limit organogels by the exact content of the liquid
phase, its complexity, or its specific function. Accordingly, nar-
rower groups of gels, such as ionogels or magnetogels, can
be classified as either hydrogels or organogels, while oleo-
gels, PEGgels, and alcogels are sub-classes of organogels (see
scheme in Figure 1). There will always exist a noticeable overlap
between organogels and hydrogels in the case of binary solvent
systems.[>3233] For such cases, we define a gel according to the
nature of the predominant or the most functional solvent. For
gels, where 3D networks and solvents of opposite polarity can
co-exist in one material with a clear interface, the term “bigel”
or “organohydrogel” is appropriate (Figure 1).

3. Role of Solvent Choice in Gel Versatility

When a gel system is designed, the solvent plays a critical role,
first with the choice of a gelator, then during the gel formation
process, and after the gelation is complete. For a supramo-
lecular network, the solvent structure may determine optimal
gelation parameters, such as initiation®¥ or impede stable
gelation.®>¥] The self-assembly of gelator molecules, which
is the core process in supramolecular gelation, depends upon
reversible non-covalent interactions, such as van der Waals
forces, mrm stacking, and hydrogen bonding. Consequently,
flexible and stable gelation and higher gelation numbers are
achieved in solvents possessing limited non-covalent interac-
tions with the gelator. Zhu et al. demonstrated this principle
using the example of trehalose diester gelators. Strong gelator—
solvent interactions caused the clustering of gelator assemblies,
resulting in the formation of thick unstable gels with lower
gelation numbers.*® Therefore, when designing a supramo-
lecular organogel, it is important to fine-tune the solvent or
chemical environment of the specific gelator.

The choice of a solvent also affects the process of polymer
network formation. For instance, the co-monomer reactivity
ratio in radical copolymerization varies in different solvent sys-
tems, 392 which is described as the “bootstrap” effect. How-
ever, the solvent effect is closely linked to specific copolymeri-
zation systems.3??) As well as in supramolecular networks, the
knowledge of solvent-gelator interaction for specific networks
is not fully transferrable and has to be collected for new solvent
systems, such as deep eutectic solvents.[*3!
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The structure of the resulting gel is affected by the proper-
ties of the solvent. Therefore, specific fabrication methods that
consider the solvent effect, are required to produce gels with
defined properties. Whereas most of the existing knowledge is
attributed to hydrogels, the methods developed for hydrogels
are not reproducible with non-polar media owing to complete
changes in solvent-gelator and solvent-network interactions.
Meanwhile, by introducing new solvents to different networks,
greater functionality can be achieved, which we will discuss
later.

After gelation is complete, the gel acts as a quasi-solid mate-
rial, where the bulk and surface properties are defined by the
3D network, the liquid phase, and their interaction in the mate-
rial. According to the polarity of the gelator and the entrapped
solvent, the gel may be hydrophilic,* hydrophobic,?! or
amphiphilic.” The surface of a gel does not behave as an ordi-
nary solid surface. As the solvent extrusion occurs, the liquid
surface layer defines the wettability properties. The properties
of the bulk, such as its affinity to different substances, ionic
conductivity, stimuli responsiveness, and stability are defined
both by the nature of the solvent and the 3D network.

Different applications require different polarities to obtain
the best performance. For biocompatibility,*®! pH-sensitivity,*’
and ionic conductivity,®>° polar liquid media are essential
(Figure 2A). These applications are covered by hydrogels, but
can still be reached by organogels with polar media,’®! whereas
only non-polar low-surface-tension liquids introduce hydro- and
omniphobic properties to the gel surface,'%"7-64 providing
functions, such as self-cleaningl®! or anti-fouling,'%% and
water droplet manipulation.[>7->9,61.66.67]

The solvent also plays a significant role in thermal and envi-
ronmental stability, as well as the dynamical properties of a gel
(Figure 2B). In the case of lower boiling point solvents, despite
being entrapped in the 3D network, the solvent evaporates from
the gel, leading to gel shrinkage. This may be useful in cases
where rapid solvent elimination is needed,®® whereas being a
disadvantage for gel mechanical and thermal stability.”! For appli-
cations where temperature stability is required, high-boiling-
point organic liquids contribute to gel stability.*] In the case of
low temperatures, the freezing point of the solvent is a key factor
to be considered. Liquid phase solidification leads to changes
in visco-elastic parameters and negatively affects ionic conduc-
tivityl®>7%71 and is common for conductive hydrogels, limiting
their tolerance to temperature and pressure changes. On the
contrary, conductive organogels exhibit great potential in main-
taining functionality in extreme conditions.>*%5123:557273] A com-
monly used approach to achieving environmentally stable con-
ductive gels is the use of a binary water-organic liquid phase.”!
Hydrogen bond disruption by polar organic molecules in water—
organic solvent mixtures results in a higher tolerance to freezing
and evaporation compared with pure water. For instance, water—
dimethyl sulfoxide (DMSO) binary solvent systems can have
freezing points as low as —140 °C. Owing to the functional role
of organic solvents, we refer to gels possessing such solvent
mixtures as organogels, despite some water content. Rong et al.
introduced supramolecular organohydrogels based on poly(3,4-
ethylene-dioxythiophene):polystyrene sulfonate (PEDOT:PSS)
self-assembly.’?l The use of a binary water—ethylene glycol (EG)
solvent system produced a gel that retained mechanical stability
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Figure 2. The role of solvents in organogels. A) Typical applications of gels with different polarity of the media. B) Thermal stability of the gels.
C) Anti-freezing, conductive self-healing organogels with stable strain sensitivity at subzero temperatures. Reversible compression test at —40 °C (top,
organogel swollen in a water—ethylene glycol binary solvent), at =10 °C (down, hydrogel). Reproduced with permission.[2 Copyright 2017, Wiley-VCH.
D) Comparison of PVA-LN organogels and PVA hydrogels after storing for 7 days at 25 °C and 50% humidity. Reproduced with permission.]’! Copyright

2022, Elsevier.

at —40 °C (Figure 2C). Feng et al. introduced poly(vinyl alcohol)-
lignin (PVA-LN) organogel with a water-DMSO mixture as a
solvent. The formation of strong hydrogen bonds between water
and DM SO molecules disrupted the hydrogen bond structure of
water, preventing crystallization even at —80 °C (Figure 2D). The
binary solvent system also provided for 88% weight retention
under the ambient environment. PVA-LN organogel retained the
mechanical properties after storing at 25 °C for 7 days, in con-
trast to PVA-LN hydrogel, which eventually shrank and became
fragile.’) The low vapor pressure of polar organic solvents, such
as EG, ethylene carbonate, or propylene carbonate provides for
weight retention at ambient and extreme conditions. Lee et al.
demonstrated the synthesis of the PEDOT:PSS acrylamide
organogel with EG as a solvent. The corresponding organogel
retained 60% of EG after 22 h in vacuum (0.013 atm)./!

An analysis of recently reported studies about organogels
revealed several distinctive properties that make them prom-
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ising candidates to supplement hydrogels in various fields of
materials sciences (Figure 3). These properties include: 1) the
ability to absorb and release substances having various polari-
ties, 2) stimuli-responsive behavior, 3) ionic conductivity, 4)
thermal and environmental stability, and 5) special wetta-
bility. In many cases, a combination of these properties can be
achieved within one organogel, resulting in superior multifunc-
tional behavior (examples are given in Table 1). For example,
a significant advantage of organogel-based wearable electronics
comes from the combination of solvent-induced conductivity
and enforced mechanical stability (up to self-healing properties)
due to the chemical and physical connection of a solvent with a
polymer network. Another significant advantage resulting from
the high boiling point and tolerance of the solvent is long-term
stability under environmental and extreme conditions, which is
highly desirable for many gel-based devices. On the contrary,
chemically active solvents enhance the extraction, sensing, and
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Figure 3. Distinctive features and related applications of organogels. Defined distinctive properties include: 1) mechanical, thermal, and environmental
stability, 2) special wettability, 3) absorption & release of liquids and substances, 4) response to various stimuli, and 5) electronic and ionic conductivity.
Real applications usually require combinations of several features, e.g., conductivity, responsiveness, and stability for wearable electronics.

absorbing properties of the gel.”#7] Based on the proposed clas-
sification (Figure 3), we will discuss in detail recently developed
strategies for achieving advanced functional organogels.

3.1. Durability of Organogels

In their swollen state, gels usually become less flexible, less
tough, and more brittle owing to tension forces caused by
large volumes of a confined solvent and reduced interactions
between network chains.”8l However, the presence of strong
interactions of the network with the swelling liquid may result
in the reinforcement of the gel”s mechanical properties. Thus,
Park et al. reported the use of non-polar aromatic interactions of
polystyrene networks swollen in hexyl, octyl, and dodecyl ben-
zene (Figure 4A).”’) Dynamic aromatic interactions enhanced
stretchability =11 times and enabled a high photoluminescence
efficiency of =99.8% throughout the volume of the gel while
bending, folding, stretching, and twisting (compared with non-
swollen polystyrene networks).
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Dynamic non-covalent interactions between a network and
a solvent can lead to self-healing effects and recovery of elastic
properties. Guo et al. recently reported that amidoximated pol-
yacrylonitrile-based gel swollen in N, N-dimethylformamide
(DMF) showed 80 times higher stretchability with a strain of
~800% compared to pure PAN (Figure 4B).2% Such polymer
plasticization is attributed to hydrogen bond formation among
the network amidoxime groups and between the network and
DMF molecules. Moreover, after re-dissolving gel fragments in
DMF, owing to the reversibility of physical entanglement and
dynamic hydrogen bonds of polymer chains, the amidoximated
polyacrylonitrile gel could fully restore its original mechanical
strength. Another example of an organogel demonstrating
self-healing and recovery through the dynamic interaction of
the network and the swelling solvent is DNA-based dynamic
organogel in DMSO, as demonstrated by Meng et al.Bll

Another important property that is dependent on the choice
of solvents in organogels is adhesion. In organogels, as opposed
to hydrogels, various solvents can be used, including those
possessing stronger, multivalent interactions with surfaces.
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Table 1. Applications of organogels with a combination of advanced properties.

Gel composition

Combination of properties

Application

Poly(vinyl alcohol)-lignin nanoparticle organogel with a binary
DMSO-H,0 solvent

4-Acryloylmorpholine-based cross-linked 3D network; sodium
perchlorate’s propylene carbonate solution as conductive
media

3-trimethoxysilylmethacrylate-capped fumed silica-based 3D
network, choline chloride’s propylene glycol or PEG200 solu-
tion as conductive media;

Poly (vinylidene fluoride-co-hexafluoropropylene) (MW =
455000) as a gelator; 1-ethyl-3-methylimidazolium tetrafluo-
roborate solution in acetone, acetonitrile, methyl formate, and
propylene carbonate mixture as conductive media

4-acryloyl morpholine-based cross-linked 3D network; bistrifluo-

romethanesulfonimide lithium solution in propylene carbonate
as conductive media

Poly (vinyl alcohol) and poly(3,4-ethylenedioxythiophene):polys
tyrene sulfonate as conductive gelators; ethylene glycol-water
binary solvent

Poly(3,4-ethylenedioxythio- phene):polystyrene sulfonate as
conductive gelator; acrylamide-based cross-linked 3D network;

Dodecyl methacrylate and styrene-based cross-linked 3D net-
work; Fe;O4 as nanomagnetic particles

N-Lauroyl-L-alanine methyl ester as gelator; oleic acid modified
Fe;O4 nanoparticles as magnetic component; peanut oil as a
solvent

PDMS-based 3D network; trimethylsilane-modified carbon
black nanoparticles as a photothermal-res

ponsive material; paraffin wax (melting point 54-56 °C) as a
solvent

Double 3D network containing poly(1-butyl-3-vinyl imidazolium
fluoborate) (PIL-BF4) cross-linked with benzene tetracarboxylic
acid (BTCA); 1-propyl-3-methylimidazolium fluoborate as

The ionic conductivity, strain sensitivity, mechan-

ical and thermal stability

lonic conductivity, strain sensitivity, mechanical
and thermal stability, good adhesion to PDMS

lonic conductivity, strain sensitivity, mechanical
and thermal stability

lonic conductivity, strain sensitivity, mechanical
and thermal stability

lonic conductivity, strain sensitivity, mechanical
and thermal stability

Strain-sensitive electronic conductivity, mechanical

and thermal stability

Strain-independent electronic conductivity, non-

ionic media, mechanical and thermal stability
Absorption of hydrophobic solvents and oils,
magnetic response
Oleophilicity, thermo-, chemo-, magnetic
responsive

Hydrophobicity, photothermal responsiveness,
anti-icing, corrosion protection

lonic conductivity, mechanical and thermal
stability, strain sensitivity, transparency,
nonflammability

Wearable electronics with enhanced flexibility,
extreme freezing tolerance and anti-dehydration
abilityl’]

Electrodes with good adhesion to triboelectric
elastomers for the construction of triboelectric

nanogenerators!>’l

Mechanically durable strain-sensitive organogel
conductors for sensorized tissue analogst’!

Organogel-electrolyte-based supercapacitors for

low-temperature energy storagel>l

Organogel ionic conductors as strain sensors or
as electrolytes for lithium-ion batteries®"

Anti-freezing organogel conductors for strain
sensorsl®Z

Organogel electronic conductors with predomi-
nant electronic conductivity!l

Magnetic sorbents for oil spill removall’®l

Micro-organogel carrier for targeted hydrophobic
drug delivery”’]

Organogel coatings for programmable liquid
adhesion and transfer; Droplet manipulationl®’]

promising applications in various electrical
devices, including flexible sensors, energy storage,
and electronic skin?4

solvent

* PDMS - poly(dimethylsiloxane).

Therefore, these solvents can give rise to adhesive proper-
ties of produced organogels. For example, Ge et al. reported
that double-solvent-based glycerol-water organogels showed
improved adhesion to wood and other surfaces compared with
hydrogels having the same composition (without glycerol).[8
The adhesive effect of glycerol was attributed to the formation of
multiple hydrogen bonds with chemical groups on the surface,
as well as the penetration of the solvent into the microstructure
of the surfaces, causing an interlocking bonding effect. Adhe-
sive gels are important for soft composite electronics, e.g., in
wearable applications, such as flexible skin sensors for rapid
continuous health monitoring. A recent successful approach
to creating both durable and sensitive skin sensors is the use
of strain sensors comprising a dielectric organogel layer sand-
wiched between two ionically conductive hydrogel layers. Mo
et al. presented a stable mechanically tough gel sensor with
an adhesive organogel-based dielectric layer. Ethylene glycol
(the liquid phase of the organogel) behaved as both a plasti-
cizer and cross-linking agent for the double-polymer network
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via hydrogen bonds formed both with the adjacent hydroxyl
of polyacrylic acid (PAA) and poly(vinyl alcohol) (PVA) chains
(Figure 4C).1°l Further, it acted as a source of dynamic hydrogen
bonding for dissipating the stress-energy (supported by compl-
exation with borate bonds). This organogel demonstrated strong
adhesion to various surfaces, including rubber, glass, metal,
and poly(methyl methacrylate) (PMMA), and served as a dielec-
tric layer. The adhesion strength of the organogel toward the
hydrogel sensing layer was as high as 28.4 kPa. Other reported
ethylene glycol-based organogels showed improved anti-freezing
and anti-heat stability,® conductivity®#! stretchability, and
stress retention.®>8 Furthermore, poly(ethylene glycol)-based
gels (PEGgels) have recently shown great potential as highly
conductive, tough, stretchable, and self-healing organogels./?’!
Other examples of reported dielectric organogels include pro-
pylene carbonate : ethylene carbonate-based dielectric gels!®”!
and 4-cyano-4’-pentylbiphenyl-based photoelastic organogels.®l
Apart from mechanical toughness, stretchability, or adhe-
sion ability, gel durability is also assessed by the robustness to
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Figure 4. Mechanically durable organogels. A) Highly soft and transparent polystyrene-based organogel perovskite emitters i) show stable fluorescence
while stretching or bending, and improved stretchability ii,iii) owing to strong aromatic interactions between the polymer network and alkylbenzenes as
swelling solvents. Reproduced with permission 9l Copyright 2020, Springer Nature B) Because ofdynamic H H bonds formed with DMF i), amidoxi

Chemistry. C) PVA/PAA borax organogel formed by entangled PAA and PVA networks with embedded ethylene egcoI and borate bonds i) show strong
adhesion to various materials and ii) high mechanical durability iii). Reproduced with permission.l*®l Copyright 2021, Wiley-VCH.

various negative environmental exposures, which is critical for
real applications. For hydrogels, there remain many limitations
in this regard, such as biofouling, freezing, and formation of
ice crystals on the surface, sensitivity to acidic pH and polarity,
etc. Organogels have already been proven to show better per-
formance in harsh environmental conditions. For instance, the
use of binary DMSO-water systems was shown to both main-
tain high sensitivity for gel strain sensors and improve their
temperature resistance down to —80 °C owing to the lowering
of the freezing point of the liquid phase.”! The same effect
of adding anti-freezing and anti-drying properties to a gel by
adding an organic solvent has been reported for glycerol-water
organogels.®? The choice of a non-volatile non-polar solvent
could enable robustness of the gel to air and water exposure,

Adv. Funct. Mater. 2023, 2301421 2301421 (7 0f'|9)

humidity, acid, base, heat, and light, as demonstrated for alkylb-
enzene-based organogels.””!

Another negative effect of environmental exposure that sig-
nificantly reduces material durability is biofouling. Owing to
the slippery lubrication layer formed by oils on the gel's sur-
face, organogels could be applied as protective coatings to
inhibit bacterial settlement, as demonstrated for organogels
based on nature-derived fatty oils,®¥ silicon oils,® and par-
affin oils. Furthermore, certain solvents, such as 2-pheny-
lethanol,®” N-methyl pyrrolidone (NMP), dimethyl sulfoxide
(DMSO),P1 and DMFP? can function as active antimicrobial
agents in organogels.

Durability is a key feature that boosts the performance of
gel-based devices, such as sensors and flexible electronics.
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Organogels exhibit great potential as mechanically and envi-
ronmentally durable gels whose durability is largely attributed
to the properties of swelling media, where various organic sol-
vents have been shown to 1) broaden gels’ functionality at low
and high temperatures, 2) improve flexibility and stretchability
owing to specific strong interactions with the polymer network,
3) enable self-healing by the mobile restoration of the broken
bonds, 4) improve adhesion to various surfaces, 5) enable gels’
tolerance against harsh environmental exposure, such as bacte-
rial activity, humidity, and acidic or basic pH.
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3.2. Organogel-Based Sensors

Organogels have been used to develop sensors where organic
solvents’ properties participate in supporting, varying, and
enhancing sensing performance. For example, contrary to water
in hydrogels, organic solvents have much larger versatility in
polarity, and organogels can thus be loaded with small organic
molecules carrying detection or sensing properties. Liu et al.
presented an ionic polyacrylamide (PAAm)-based organogel
acting as a sensitive electrochromic sensor (Figure 5A,i).°% To
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Figure 5. Organogel-based sensors. A) Bioinspired ionic polyacrylamide PAAm-based organogel in DMSO with coumarin i) works by the electro-
chromic response ii) and can be used as a wearable pressure sensor iii). Reproduced with permission.ll Copyright 2020, American Chemical Society.
B) Coumarin-derived acylhydrazone Schiff-base fluorescent organogel i) for the selective and sensitive detection of Fe** ions by the drop of fluorescence
the reliable detection of joint movements, such as finger bending ii) and extreme sensitivity, as demonstrated by the detection of hair touches after
stretching 2.5 times iii). Reproduced with permission.®®l Copyright 2018, American Chemical Society.
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do this, coumarin, which is an organic electrochromic com-
pound, was dissolved in DMSO and uniformly distributed via
swelling within a PAAm network, resulting in a highly (over
1600%) stretchable electrochromic film. The organogel could
detect localized mechanical stimuli by a fast and reversible color
change and was applied as a wearable sensor for the electrical
monitoring of small motions, such as wrist or finger flexion.

For selective chemical sensing, low-molecular-weight gels
have been extensively studied and used.®®! The emission or
absorption spectrum of such structures can quench notice-
ably upon exposure to vapors or ions, making them prom-
ising candidates for applications in air pollution and aqueous
system monitoring and control. Recent studies have shown
that organic solvents have good advantages for low- and supra-
molecular-weight chemosensors. In the presence of organic
solvents, various gelators are able to form stable organogels,
metallogels, and xerogels owing to the self-assembling of
n-conjugated networks, as well as hydrogen and van der Waals
forces between the moieties and the solvent.**%] However,
matching these conditions requires the testing of a wide range
of solvents with each supramolecular network to describe its
functionality, as well as stability conditions and limitations. As
an example, Yang et al. reported that a coumarin-based Schiff-
base gelator forms low-molecular-weight organogel networks
in isopropanol, tert-amyl alcohol, n-butanol, and phenylamine,
and acts as an ion detector (Figure 5B).1* The obtained organo-
gels show stable fluorescence owing to the electrochemical
properties of the hydrophobic coumarin-based gelator. Such a
gelator is unable to form a gel and is therefore used in aqueous
solutions because of its hydrophobicity. Furthermore, it was
demonstrated that using isopropanol as the solvent caused a
reversible organogel phase transition in response to heating,
irradiation, and vigorous agitation, which illustrates how the
use of a certain organic solvent can lead to the unique behavior
of the same organogel.

Solvent-enhanced fluorescence behavior has been also
demonstrated by Zhang et al. on organogels based on triphe-
nylamine-substituted acylhydrazone derivative.” The organo-
gels showed the polarity-affected solvatochromic effect with the
emission color changing in solvents from nonpolar cyclohexane
to polar dimethyl sulfoxide (DMSO). In other reported studies,
organogel chemosensors demonstrated ultra-selective fluores-
cence detection of Pd*" and H,PO, ions,® volatile acid vapor
sensing,!”’l multi-responsive sensoring and enrichment of Cu?*
and Co?*,*® and the selective detection of F~ ions.[’]

Interestingly, EG was shown to preserve the protein-ligand
binding and enzymatic activity of 2DPC bovine serum albumin
protein, which is normally suppressed in aqueous media.”!
This property was used to create an organogel to sense ligands,
such as ibuprofen and fatty acids. The shelf-life of the bovine-
serum-albumin-based organogel was over nine times longer
compared with the corresponding protein hydrogels owing to
the low volatility of EG used as a solvent and its antimicrobial
activity, preventing the digestion of the protein.

One of the key challenges for real-life applications of strain
sensors is maintaining both ultra-high sensitivity and superior
mechanical stability. Owing to the mechanical durability of
some organogels and the compatibility of many organic sol-
vents with both ionic and electronic conductivity, organogels

Adv. Funct. Mater. 2023, 2301421 2301421 (9 0f'|9)

are often applied as strain sensors. Thus, Zhang et al. reported
an organogel based on a polyacrylamide-polyvinylpyrrolidone
double-network in EG with incorporated graphene, which
showed high stretchability (up to 10500%). The resulting
organogel was applied for the sensitive detection of motions
from large (e.g., finger bending, ii) to mild (e.g., breathing)
and subtle (touches of the single hair, in the stretched state, iii)
(Figure 5C).BS EG as a swelling agent enabled the uniform dis-
persion of graphene, and thus stable conductivity throughout
the gel; it also contributed to the stretchability of the sensor.

Recent progress in the development and application of con-
ductive organogels, including other examples of strain sensors,
will be discussed in the following chapter.

3.3. Conductive Organogels

Gels are widely applied as quasi-solid-state electrolytes. This
kind of electrolyte combines ionic conductivity (comparable to
liquid electrolytes) with distinctive features of solid-state elec-
trolytes, such as the absence of leakage, long-term stability, and
mechanical strength.3]

Most studies on the conductivity of gels have been attributed
to ionic conductivity. This type of conductivity is provided by the
gel media capable of ion transport, commonly aqueous ionic
solutions.’>1001%1 Because of their aqueous nature, hydrogel
ionic conductors have faced limitations in thermal and envi-
ronmental stability, hindering their practical use.*®>%% On the
contrary, organogels demonstrate better thermal and environ-
mental stability combined with high ionic conductivity by using
appropriate polar non-volatile liquids®® or ionic liquids®? as
solvents.

Except for water, there are several other solvents capable
of sustaining mobile ions and thus supporting ionic conduc-
tivity. For instance, propylene carbonate (PC) salt solutions are
applied in lithium-ion batteries as electrolytes owing to their
high ionic conductivity.'%®l PC was used as swelling media in
a 4-acryloylmorpholine-based organogel ionic conductor.?% It
demonstrates extraordinary performance, including high trans-
parency (93%) in the visible region, extreme-temperature toler-
ance (from —100 to 100 °C), stretchability (elongation at break
of 1219%), high ionic conductivity (79 x 107* S cm™ at 25 °C),
wide voltage window (5.0 V), and perfect chemical stability
(Figure GA).

The environmental and mechanical stability of gels is espe-
cially valuable in prolonging the lifespan of strain sensors for
wearable electronics. Feng et al. introduced a polyvinyl alcohol-
lignin-nanoparticle-based organogel strain sensor (PVA-LN)
with anti-freezing (—80 °C) and anti-dehydration (88% weight
retention after 7 days) properties. As a co-solvent, DMSO ena-
bled the simultaneous dissolution of both the gelator (PVA) and
lignin as a reinforcing agent. The binary solvent medium ini-
tiated lignin self-assembly into nanoparticles, which dispersed
gradually throughout the final gel without special treatment.
The lignin nanoparticles served as both the physical cross-
linkers and reinforcing fillers, strengthening the resulting
gel. Meanwhile, due to hydrogen bonds formed in binary
water—-DM SO mixture, the processes of crystallization and sol-
vent evaporation were hindered simultaneously. The PVA-LN
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Figure 6. Applications of ionically conductive organogels. A) Stretchable organogel ionic conductors with extreme temperature tolerance. i) Molecular
structures of reactants used for gel preparation. ii) Photographs of the hydrogel (left) and organogel (right) at —20 °C showing the water crystallization
problem of hydrogels. iii) Schematic illustration (top) and photograph (bottom) of an organogel used as a flexible conductive substrate. Reproduced
with permission.’% Copyright 2019, American Chemical Society. B) Solvent-induced in situ self-assembled lignin nanoparticles to reinforce conduc-
tive hanocomposite organogels as anti-freezing and anti-dehydration flexible strain sensors. i) The schematic preparation process of anti-freezing
conductive PVA-LN organogels. ii) Real-time monitoring of human motions by tracking the relative change of the resistance of PVA-LN strain sensors.
Reproduced with permission.[’l Copyright 2022, Elsevier. C) High-performance solid-state supercapacitors based on conductive organogel electrolyte
functional at low temperatures. i) Schematic diagram of an organogel polymer electrolyte applied to activated carbon (AC) electrode. ii) Two cells supply
light-emitting diodes for >3 min at —60 °C. iii) Snapshot of the low-temperature mechanical performance of organogel-based electrolyte. Reproduced
with permission.3 Copyright 2022, Elsevier.

organogel retained stable mechanical flexibility and ionic con-
ductivity over a wide temperature range (—80 °C to room tem-
perature) (Figure 6B).!

Achieving stability at extremely low temperatures is critical
for applications of energy storage devices. The use of hydrogel-
based electrolytes is unsuitable under such conditions owing
to the solidification of electrolytes, and thus a reduction of
ionic conductivity <0 °C. The exchange of aqueous systems to

Adv. Funct. Mater. 2023, 2301421 2301421 (10 Of19)

organic anti-freezing solvents can improve low-temperature sta-
bility, but may reduce the voltage window of conductive gels,
limiting the energy density of supercapacitors. To combine
low-temperature stability with the highest electrochemical per-
formance, Zheng et al. optimized the solvent composition of
the organogel ionic conductors.’3l The best performance was
demonstrated by using a mixture of acetonitrile (AN), methyl
formate (MF), and PC (AN : MF : PCas 2 : 2: 1). The developed

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD @A 181D 3|cedl[dde 8Ly Aq peusenob afe sejoe O ‘8sN JO S8|nJ o Akeid1T8U1UO /8|1 UO (SUORIPUOD-PUR-SLUIBIALIOO A |IM ALRIq Ul UO//:SdNL) SUORIPUOD pUe Swie | 8u18es *[£202/20/60] Uo ARiqiauluo A8 |im ‘aiBojouyos | "4 1sul Jeynss|iey A TzyTOSZ0Z WiPe/z00T 0T/I0p/uoo’ A3 1M ARelq iUl uo//Sdny wouy pepeojumod ‘0 ‘820£9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

gel electrolyte exhibited an ionic conductivity of 2.95 mS cm™,
mechanical strain rate of 350%, and a voltage window of 0—4 V
at —60 °C (Figure 6C).

Whereas ionic conductivity is determined by the presence of
ions in the liquid phase of the gel, the second type — electronic
conductivity — occurs through the gel network. Hydrogels com-
monly demonstrate mixed electrical conduction. Meanwhile,
electrochemical stability in ionic conductors is restricted within
the voltage window. Switching to pure electronic conductivity
would prevent the unwanted irreversible electrochemical
changes in the conductor even at high voltages. Deionized
organic solvents, for example, ethylene glycol, demonstrate the
ability to prevent ionic conduction in electronic conductors.
Lee et al. introduced PEDOT:PSS (poly(3,4-ethylene-dioxy-
thiophene) : polystyrene sulfonate)-PAAm (polyacrylamide)
organogel-based stretchable electronic conductors. The organo-
gels were fabricated by swelling a PEDOT:PSS—-PAAm network
in EG. By replacing water with EG, the unwanted electrochem-
ical reactions could be eliminated, hence hydrogen and oxygen
generation did not occur with increasing voltage (for applied
voltages ranging from -5 to +5 V). Furthermore, PEDOT:PSS—
PAAm organogels have demonstrated stretchability exceeding
350% strain and long-term stability evaluated by weight reten-
tion at low pressures (60% weight after 22 h at a pressure of
0.013 atm).

In summary, replacing water with an organic solvent or a
mixture of solvents resolves many limitations of gels in the
field of electronics. Organogels infused with high-boiling-point
polar liquids demonstrate greater mechanical and environ-
mental stability, which enables faster practical use of wearable
electronics and energy storage devices. At the same time, the
variation of applied solvents provides versatility in terms of
conductivity. Thus, deionized organic solvents can be used as
inert media to prevent unwanted electrochemical reactions over
a broad range of applied voltages in electronically conductive
gels. Further studies of conductive organogels in terms of fab-
rication methods and applicability are required to fully reveal
their potential in the field of conductive materials.

3.4. Special Wettability of Organogels

Because organogels are liquid-infused materials, their surface
properties are determined by both the solid matrix and the
nature of the solvent used to swell the matrix. Such liquid-
infused surfaces often exhibit interesting properties, such as
slippery effect, omniphobic properties,l% anti-icing,1%%! anti-
(bio)fouling, 1! self-cleaning,®®! and anti-adhesion.[6%
Droplet manipulation ability is a complex feature demon-
strated by organogel surfaces. Droplet-based systems have
found applications in various fields of chemical and biomedical
engineering, e.g., microfluidics. The ability to manipulate the
flow of droplets can be achieved with the combination of sur-
face tolerance, slipperiness, and stimuli-responsive wettability.
In the case of organogels, these features can be provided by the
properties of the solvent. For example, solvents show thermo-
responsive behavior at their melting point. Based on that, the
approach of thermally driven droplet manipulation via paraffin
wax infused in a PDMS-cross-linked network was demonstrated

Adv. Funct. Mater. 2023, 2301421 2301421 (M 0f'|9)

by Gao et al.’”) The water-guiding track could be created on the
coating surface by melting the paraffin with locally applied
heat. In the initial state, paraffin-infused PDMS demonstrated
hydrophobic water-pinning behavior, whereas regions heated to
a temperature above the melting point of paraffin became slip-
pery. As a result, water droplets could slide across the surface
with the specific pathway (Figure 7A). In addition, anti-icing
properties were shown by covering the surface with ice and
later illuminating it under sunlight. The ice layer began to melt
and the generated water slid off the surface easily. As a result,
no water was left on the coating surface after melting.

In addition to anti-icing properties, the stable liquid layer
at the surface of organogels infused with oils can provide pro-
tection against crystallization-induced deposition of nonpolar
substances. In the oil industry, the crystallization of wax at the
surface of petroleum pipelines often leads to pipe clogging and
is an important problem.['® Yao et al. introduced organogels
with significant self-replenishable anti-waxing properties.[®!l In
this case, the PDMS network was infused with crude oil, which
resulted in the low adhesion of paraffin wax to the surface of
the organogel. Owing to the much lower melting point of crude
oil, it protected the organogel surface by enabling the easy
removal of crystallized paraffin. When the liquid paraffin crys-
tallized, nucleation started inside the diffusion layer where the
liquid oil and the liquid paraffin had mixed (Figure 7B).

Liquids with a low friction coefficient and chemical tolerance
of the solvent have been shown to protect organogel surfaces
against various contaminants, including biofouling.l®%%! Con-
taminants deposed on the organogel can be easily removed
with the top solvent layer. In addition, the liquid surface layer
can be easily renewed to fully restore lubrication, including
when the swelling agent is solidified.®”) Wang et al. reported
a solid organogel material that combined anti-graffiti, anti-
fouling, and anti-icing properties. Here, the oleophilicity of
the PDMS network was used to swell it in alkanes having dif-
ferent carbon numbers (Figure 7C,i). They demonstrated that
organogels swollen in solid alkane (carbon number higher than
C17) showed much higher mechanical and environmental sta-
bility, did not contaminate nearby surfaces, and had a longer
shelf life. The alkane sacrificial layer is regenerable within
24 h because of the stress gradient in the polymer network and
excess of the alkane in the organogel bulk. Furthermore, the
surface of organogel swollen in an alkane with carbon number
24 was tested to determine tolerance to various paints. Water-
based paint, nitro lacquer paint, and alkyd paint formed films
that could be easily peeled off the organogel, whereas aerosol
paint could be wiped off with a cleaning cloth (Figure 7C,ii).

From the demonstrated examples of organogels with special
wettability behavior, it is clear that applying various organic
liquids to the same conventional polymer networks creates a
variety of new functional materials. Thus, reconsidering the
reported non-volatile-liquid-swollen organogels could reveal
their functionality and new applications. It has been shown that
hydrophobic thermally stable solvents not only contribute to gel
thermal stability, but can also enable dynamic response, slip-
periness, crystal phobicity, self-healing, contamination protec-
tion, and anti-fouling. Therefore, we propose the incorporation
of organic solvents into conventional polymer networks as a
potential route in this field of study.
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of the alkane layer. ii) Aerosol paint (top) and different paints (down) can
sion.l4 Copyright 2017, Wiley-VCH.

3.5. Application of Absorption and Release

Soft polymeric networks act as sorbents in the process of
swelling in organic solvents depending on their polarity. Pre-
organogel networks have several advantages compared with
conventional sorbents, such as clays, zeolites, silica,!' acti-
vated carbon,”’] and natural fibers.%8l First, the mass uptake
for gel sorbents is practically higher (up to 99 wt.%). Other
advantages include the potential for reversible and selective
sorption. For instance, non-polar 3D polymer networks have
higher affinities toward organic contaminants than water.

An additional benefit of organogels is a wider range of
polarity for absorbed substances and selective adsorption of
non-polar substances. For example, dynamic covalent organogel
networks show a high potential in the selective adsorption of
aromatic compounds and separation of toluene from the azeo-
tropic mixtures, combined with the ability to be recycled and
re-polymerized.l%! As another example, the hydrophobic cross-
linked polymer structure of PDMS is known to swell in organic
liquids of various polarities, including methyl-tret-butyl ether
(MTBE), dichloromethane, toluene, and DMSO. Bayraktaroglu
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be easily removed from the organogel surface. Reproduced with permis-

et al. performed a one-step synthesis of PDMS-based hydro-
phobic sorbents from tetraethyl orthosilicate (TEOS) and
PDMS having various lengths (Figure 8A,i). The proposed low-
cost synthetic approach did not require any activators, initia-
tors, or catalysts. At the same time, the authors demonstrated
the adjustability of the polymer composition. The sorbent
produced from PDMS (1500 g mol™?) and TEOS exhibited the
best performance in terms of the absorption of organic liquids.
The maximum absorbency values in dichloromethane (DCM),
tetrahydrofuran (THF), methyl tertiary-butyl ether (MTBE),
toluene, xylene, ethylbenzene, and benzene, were shown to
be 2119, 1963, 1628, 1611, 1369, 1345, and 1293%, respectively.
Moreover, the obtained sorbents had a much lower affinity to
water (absorbency in water 40%), enabling the separation of
floating organic liquids from the water surface (Figure 8A,ii).
Stability tests showed that the PDMS sorbents retained struc-
tural integrity and sorption efficiency after being stored in gaso-
line for 300 days, and could be reused for at least 10 absorp-
tion—desorption cycles.[1)

Demirel et al. demonstrated a similar approach. They
reported the synthesis of a pre-organogel network by
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ration of PDMS sorbents and their expected final 3D structure. ii) Absorption of crude oil (top) and DCM (down) by the sorbent from water. Repro-
duced with permission."% Copyright 2021, Elsevier. B) Clean-up of oily liquids, fuels, and organic solvents from contaminated water fields using
poly(propylene glycol)-based organogels. i) Preparation of PPG-ICS organogels and their expected final 3D structure. ii) Absorption of MTBE from water
solution. Adding dry organogel to the mixture (left), 30 min later after addition of dry organogel (right). Reproduced with permission."l Copyright
2017, Elsevier. C) Development of organogel-derived capsaicin nanoemulsion with improved bioaccessibility and reduced gastric mucosa irritation.
i) Schematic illustration of capsaicin- (CAP) loaded organogel nanoemulsion preparation. ii) Comparison of bioaccessibility of CAP for different forms
of administration. Reproduced with permission.” Copyright 2016, American Chemical Society.

condensation reactions of polypropylene glycols (PPG)s with
different molecular weights and tris[3-(trimethoxysilyl) propyl]
isocyanurate (ICS) (Figure 8B,i).'W The authors observed
a proportional increase in sorption capacity with a higher
molecular weight of PPG. It was also found that the degree
of crosslinking decreased with the molecular weight of PPG.
Thus, the increase in mass uptake with the molecular weight
of PPG can be attributed to the increase in the plasticity of the
network. The prepared organogels readily absorbed various
organic liquids. The best performance was demonstrated by
the sorbent obtained from PPG (4000 g mol™). The maximum
absorbency in crude oil, gasoline, acetone, MTBE, toluene,
benzene, THF, and DCM was found to be 233, 770, 686, 714,
1269, 1319, 1439, and 1872, respectively (Figure 8B,ii). The
capacity of the synthesized organogels did not change in either
pure organic liquids or organic liquid—water mixtures. This
was associated with an extremely low affinity of the obtained
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sorbents to water. PPG 4000-ICS sorbents were capable of
removing MTBE both from the surface of water and the water/
MTBE solution. MTBE and gasoline would be fully released
after absorption within 2 h without the application of vacuum
or heat. Reusability limits included at least 10 sorption—desorp-
tion cycles.

Supramolecular gelation represents a widely utilized
approach toward the delivery of oleophilic bioactive com-
pounds.">1B] Nutritional oils and biocompatible organic
solvents, such as soybean oil, coconut o0il, medium chain tri-
glyceride, glyceryl tributyrate, and glyceryl triacetate create a
non-polar media, readily dissolve, and sustain water-insoluble
substances. The oils and their solutions can be gelated by
adding supramolecular agents. Organogel-based formulations
facilitate oral,™ intravenous,M! and transdermal™®! routes of
administration for hydrophobic medications, such as statins.
This approach enables the controlled release of medication by
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tunable diffusion rate or sol-gel transition.””] For instance, Lu
et al. performed the synthesis of capsaicin-loaded organogel
nanoemulsion."”] The role of organogel was to increase the
bioaccessibility of capsaicin relative to its pure form and to
overcome irritation issues associated with its oral intake. Capsa-
icin-loaded organogel was prepared by adding sucrose stearate
(S-370) as a gelator to a solution of capsaicin in medium-chain
triacylglycerol (MCT). Tween-80 was used as an emulsifier to
obtain oil-in-water (O/W) emulsion with organogel as the oil
phase (Figure 8C,i). Ultrasonication treatment decreased the
droplet sizes of the emulsion to 168 nm, enhancing the dissolu-
tion rate and bioaccessibility (Figure 8C,ii). CAP-loaded nanoe-
mulsion demonstrated reduced rat gastric mucosa irritation.
Thus, an organogel-based formulation provided a convenient
oral route for capsaicin-based treatment.

The absorption ability is a bulk property of the gel that is
essential for applications, such as drug delivery, water purifi-
cation, and water-oil separation. The 3D network of hydro-
gels has an affinity to water and other polar substances, but
it commonly fails to be infused with non-polar substances,
such as oils or lipophilic drugs. On the contrary, the polarity of
organogel media varies over a wide range, their full potential
in drug delivery and oil spill liquidation has not yet been fully
discovered.

3.6. Organogel Actuators

Actuators are materials that respond to changes of shape,
volume, or complicated movements in response to certain
stimuli. The main requirements for advanced actuators include
material adaptability and the complexity of its responses to
various stimuli, as well as a combination of flexibility and
strength. Gels represent flexible, adaptable, and bio-inspired
soft actuators."® Owing to the large number of compatible
organic solvents and polymer networks, organogels can com-
plement existing gel actuators in terms of their environmental
tolerance, new types of responses (e.g., swelling in non-polar
and shrinking in polar media), or extreme plasticity.

The functionality of the advanced soft actuator is determined
by operational characteristics, such as diversity and precision
of motion (rotary, linear), speed of response, as well as cycla-
bility. For the advanced soft actuator, the smart design of the
gel network can enable a combination of mechanical strength
and stretchability with cyclability and self-recovery, whereas the
incorporation of responsive fillers contributes to the fast and
reliable actuation response. This approach was demonstrated
by Meng et al., who fabricated organogels based on the self-
assembly of DNA chains functionalized with cationic surfactant
in an excess (up to 96%) of organic solvents, including polar
(THF, DMSO, ethanol) and nonpolar (CHCIl; and toluene)
(Figure 9A,i).B The actuation was enabled by incorporating
oleic acid-stabilized Fe;O4 nanoparticles (NPs) to the DNA-
surfactant network. The abundance of the alkyl chains in the
networks enabled the uniform distribution of functionalized
magnetic NPs, which provided a quick and strong response to
formance was shown by DMSO-based gel, which demonstrated
thermal responsiveness and fast self-healing, elasticity over
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3 X 10%%, outstanding stiffness (over 20 MPa), and toughness
up to 18 MJ m~3 appearing as the current record-holder among
DNA gels.

Owing to their nature, gels react to an excess of the solvent
with swelling or shrinking, which itself is an actuating move-
ment. However, it remains challenging to create a gel actuator
with in situ swelling in response to the local absorption of
the solvent without diffusion throughout the volume. Fur-
thermore, it is challenging to make such shape-programmed
movement reversible and continuous during the application of
the liquid. A solution for such actuator was proposed by Wang
et al. The elastic organogel films were prepared by solution-
casting from a synthesized fluorinated epoxide monomer in
dimethyl formamide, where the elasticity of the network was
provided by a long-chain covalently bounded crosslinking
fluoronetwork (CFN).®l After depositing a volatile organic
solvent (e.g., DCM) on the surface of the organogel, there
was rapid local shape deformation of the film (Figure 9B,i).
By depositing solvent droplets in different locations of the
organogel film, different shapes will be formed and restored to
the initial film after full evaporation. The shapes demonstrated
excellent repeatability and unchanged response after >100
cycles of swelling—deswelling or upon heating to 70 °C. This
robustness made the created gel applicable as a multiple-use
chemical sensor.

Liquid crystal (LC) organogels can play a supporting and
dynamic role in the creation of 4D LC actuators. Jin et al. fab-
ricated LC organogel by UV polymerization, and further evapo-
rated the solvent phase (DMF) during the uniaxial stretching
of the organogel.''¥] This created micropores in the gel net-
work, which acted as physical crosslinks and fixed the desired
shape (Figure 9C,i). Multiple shapes could be erased and repro-
grammed from the same LCN on demand depending on the
alignment of the organogel during the solvent evaporation.
Such solvent-assisted programming orthogonal to the temper-
ature-activated LC phase transition enabled the LCNs to be
stably actuated between the temporary and permanent shapes.
Owing to this shape memory effect, a series of 2D-kirigami
objects were created switching reversibly to the 3D shapes in
heating-cooling cycles (ii). The same principle was applied to
3D-printed bulk organogels that could be preserved in multiple
deformed states during the solvent evaporation, and further act
with the temperature-responsive shape change (iii). Thus, the
combination of rapidly evaporating solvents (DCM, Toluene)
and stretchable LC gel networks led to reprogrammable 4D
shape morphing actuators.

With respect to actuation toward various types of external
stimuli, the reported organogels include durable and temper-
ature-tolerant DMF-based,*® as well as water-resistant liquid-
paraffin-based?% electric actuators, UV-triggered contraction
networks,?!l temperature- and swelling-driven dynamic cova-
lent networks with shape memory,'?2 and reversible light-
controlled stiffening-softening actuators.[2}! Organogel-based
actuators have shown several advantages compared to hydrogel-
based actuators, such as: 1) environmentally durable long-
lasting performance supported by the protective role of apolar
non-volatile solvents; 2) ability to perform fast and reversible
swelling—deswelling actuation, including in situ and 4D-shaped
swelling, when applying small volatile organic solvents.
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4. Perspectives and Conclusion

Organogels are fascinating materials comprising polymers or
supramolecular networks filled with an organic liquid phase.
The functional diversity of organogels and their vast, but
untapped potential as a functional material for a wide range of
applications are exhibited through the numerous conceivable
combinations of known organic solvents with different suitable
gelators. However, in contrast to the vast literature on hydro-
gels, there are fewer research articles about organogels. In this
review, we covered major advances in organogel research and
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the distinctive properties demonstrated by these, intending to
highlight and promote organogels as an essential class of func-
tional soft materials. Furthermore, we described progress in the
application of organogels and highlighted the active role of sol-
vents in organogel functionality.

The full potential of organogels can only be understood after
addressing misconceptions about their composition and prop-
erties that limit their current development and applications. We
proposed resolving these limitations by applying a broader defi-
nition of organogels that includes gels based on hydrophilic,
polar solvents, and other functional organic liquids, as well as
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hybrid organic solvent-water systems. Following this interpreta-
tion, we introduced organogels as a class of gels with a wider
variety of properties than previously considered. Furthermore,
we confirmed that expanding the scope of physical or chemical
parameters of the swelling solvents enables organogels to over-
come limitations known for hydrogels.

Reported organogels demonstrate various properties,
ranging from conductive to dielectric, from adhesive to slippery,
and from hydrophilic to hydrophobic. We highlighted specific
features that enable organogels to perform better than hydro-
gels or show new functionalities. Such features include higher
mechanical and environmental stability, a broader working tem-
perature range, potential for ionic and electric conductivity, and
affinity to lipophilic substances. In addition, the combinational
structure of organogels allows precise adjustment of their prop-
erties with composition, thus providing an avenue for further
study. At the same time, the current state of the field indicates
the lack of both theoretical and experimental research on var-
ious organogel systems. As the most promising directions for
the further development of organogels, we propose: 1) develop-
ment of versatile and low-cost fabrication methods, 2) develop-
ment of new organogelators for specifically targeted interac-
tions with solvents, 3) implementation of organogels in fields
currently dominated by hydrogels: implants, drug release and
targeted delivery, biomedicine, and biomimicking materials, 4)
combination of organogels with hydrogels in multifunctional
materials with extreme differences in response behavior. Fur-
ther, the possibility of incorporating organic solvents in gels
made of various nature-derived organic molecules, such as pro-
teins and lipids, and preserving their functionality should be
further explored. However, owing to the preserving properties
of many organic solvents that are known to form colloidal sus-
pensions, organogels exhibit more potential for incorporating
functional nanoparticles in the gel network.

Despite their promising properties, we observed limitations
in the practical applications of organogels. The major issue that
needs to be overcome for practical applications of organogels
relates to their sustainability in terms of toxicity and recycla-
bility. As possible solutions, we see the further development of
organogels based on green solvents, as well as new strategies
for dynamically degradable and reusable polymer networks.
Another factor that limits the rapid growth of the field is the
lack of computational investigation combined with empirical
testing to describe the interactions between specific gelator
systems and various organic liquids. Providing the theoretical
basis for the gelation process and properties of the gel would
contribute to the smart design of the gel network and suc-
cessful incorporation of other components.

Considering all the evidence and prospects in this review, we
believe that organogels are the broadest class of gels that can
still reveal the full potential of soft liquid-infused multifunc-
tional materials.
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