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 Novel, Robust, and Versatile Bijels of Nitromethane, 
Ethanediol, and Colloidal Silica: Capsules, Sub-Ten-
Micrometer Domains, and Mechanical Properties 
 Bicontinuous, interfacially jammed emulsion gels (bijels) are a class of soft 
solid materials in which interpenetrating domains of two immiscible fl uids 
are stabilized by an interfacial colloidal monolayer. Such structures form 
through the arrest of the spinodal decomposition of an initially single-phase 
liquid mixture containing a colloidal suspension. With the use of hexalmeth-
yldisilazane, the wetting character of silica colloids, ranging in size and dye 
content, can be modifi ed for fabricating a novel bijel system comprising the 
binary liquid ethanediol–nitromethane. Unlike the preceding water-lutidine 
based system, this bijel is stable at room temperature and its fabrication and 
resultant manipulation are comparatively straightforward. The new system 
has facilitated three advancements: fi rstly, we use sub 100 nm silica particles 
to stabilize the fi rst bijel made from low molecular weight liquids that has 
domains smaller than ten micrometers. Secondly, our new and robust bijel 
permits qualitative rheological work which reveals the bijel to be signifi cantly 
elastic and self healing whilst its domains are able to break, reform and 
locally rearrange. Thirdly, we encapsulate the ethanediol–nitromethane bijel 
in Pickering drops to form novel particle-stabilized bicontinuous multiple 
emulsions that we christen bijel capsules. These emulsions are stimuli 
responsive – they liberate their contained materials in response to changes 
in temperature and solvency, and hence they show potential for controlled 
release applications. 
  1. Introduction 

 Structural bicontinuity in soft matter can be found in a number 
of diverse settings; from cheese to the plumage of birds, where it 
lends a distinctive texture and adds exotic colors, respectively. [  1  ,  2  ]  
It is also encountered in oil–water surfactant systems when 
cubic phases (CP) and sponge phases (SP) are formed. [  3–7  ,  8  ]  
Through lattice Boltzmann simulations, it became apparent that 
a further bicontinuous structure could be fabricated using col-
loidal particles; namely the bicontinuous interfacially jammed 
emulsion gel (bijel). [  9  ,  10  ]  Here, spinodal decomposition (SD) of a 
binary liquid is arrested because the colloidal particles sequester 
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to the interface and jam there. A prerequi-
site for bijel formation is that the colloidal 
particles display near neutral wetting at the 
interface to avoid infl uencing the domain 
curvature during SD which would pro-
mote droplet formation. [  11–13  ]  The practical 
realization of the bijel was duly developed 
by Herzig et al. and it has been proposed 
that it will have a host of applications, for 
example, as a micro-fl uidic device, used to 
purify reactions. [  14  ]  Polymer blends have 
also been arrested in what appears to be 
the same mechanism using organo clays, 
polystyrene drops, carbon black particles 
and modifi ed silica particles. [  15–18  ]  Addi-
tionally, a bicontinuous structure with 
interfacially positioned particles has been 
formed in a phase-separated gelatin-starch 
water-based solution – but, in this case, 
particle accumulation at the interface is 
entropically driven. [  19  ]  

 In essence, the bijel is a Pickering emul-
sion and though Pickering technology has 
been previously adapted to hold liquids in 
some unusual geometries, [  20–22  ]  the bijel 
is the fi rst bicontinuous example. Hence, 
the bijel can be loosely thought of as the 
particle analogy to the SP. However, apart 
from the obvious particle-surfactant difference, two other 
important distinctions exist. Firstly, unlike the SP and the CP, 
which form at equilibrium, the bijel is a kinetically arrested 
structure, maintained only because the particles sit in a deep 
energy minimum at the interface. The depth of this minimum 
can be given as

  E = B(R2 (1 − |cos � |)2
 (1)   

where  R  is the particle radius,   γ   is the interfacial tension and   Θ   
is the three-phase contact angle of the particle at the interface. 
The above expression is only strictly valid for an isolated particle 
on a planar interface. [  23  ]  The second distinction lies with 
the size scales involved: bijel domain separations typically lie in 
the tens of micrometer range whilst those of the SP are nano-
meter in size. 

 In the experimental work performed by Herzig et al., two 
phases of water and lutidine (W and L), which share a lower 
critical solution temperature, were trapped by silica parti-
cles whose wetting was tailored by the addition of fl uorescein 
im Adv. Funct. Mater. 2011, 21, 2020–2027
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    Figure  1 .     The effect of the surface modifi cation of silica particles with 
HMDS on the emulsions they form after SD. From (a–c) increasing 
amounts of HMDS were used to silanize the particles. a) Emulsion drops 
stabilized by the least hydrophobic particles. At the interface these par-
ticles predominantly lie in the ED (dark regions) to produce NM (white 
regions) in ED Pickering emulsions after SD. b) A bijel stabilized with 
neutrally wetted particles. These particles impart no curvature during 
spinodal separation and maintain the bicontinuous networks formed 
during the phase seperation. c) Emulsion drops stabilized with the most 
hydrophobic particles. These particles prefer the NM phase and a ED in 
NM Pickering emulsion is produced. The scale bar is 100  μ m.  

    Figure  2 .     Confocal images of ED–NM (dark and red regions respectively) 
bijels fabricated with different batches of silanized silica (green). The par-
ticles can be seen at the liquid–liquid interface. a) and c) Bijels fabricated 
using FITC tagged silanized silica (R  =  453 nm and R  =  67 nm respectively). 
b) A Bijel fabricated with non-fl uorescent silanized silica (R  =  310 nm). The 
scale bar in (a) and (b) is 100  μ m. The bijel shown in image (c) displays 
a STMS bijel fabricated with particles at 11.5% volume fraction and both 
scale bars here are 20  μ m. The upper right caption in (c) is an image of 
the same bijel but with the particle signal removed to highlight the bicon-
tinuous nature of the ED–NM domains. In all images, the double curvature 
of the domains refl ects their near 90 °  contact angle at the interface.  
isothiocyanate (FITC) dye (this also rendered the particles fl u-
orescent and resulted in some beautiful images of the bijel) 
and a rather cumbersome drying protocol. [  11  ,  12  ,  14  ]  This system 
has also been used as a template for polymeric, ceramic, and 
metallic macroporous materials. [  24  ]  However, this combination 
of liquids and particles is not ideal as the structure is unstable 
at room temperature and the tuning of particles is demanding. 
The diffi culties in accessing alternative liquid pairs predomi-
nately lie with controlling the particle wetting because the other 
requirements of a critical concentration and an appropriate 
quenching rate are more easily met. [  11  ,  12  ]  

 One way to alter the wetting of silica particles is through 
the silanization of their surface. [  25  ]  In this paper we report the 
reproducible modifi cation of the surface chemistry of silica 
colloids of varying size and dye content, thereby enabling the 
introduction of a novel, robust, and versatile bijel system – 
nitromethane (NM), ethanediol (ED) and silica. This bijel is 
stable at room temperature and we have used it to make three 
advancements in bijel technology. Firstly, we have fabricated 
bijel with domains smaller than ten micrometers by using sub 
100 nm silica particles at high concentrations. Secondly, we 
have made a qualitative exploration of the rheological proper-
ties of the bijel and thirdly, we have developed bijel capsules 
where the bijel is the minority phase in a Pickering emulsion. 
These capsules are the fi rst example of an encapsulated particle-
stabilized bicontinuous architecture and are related to previous 
research undertaken on multiple Pickering emulsions. [  23  ,  26  ]  As 
with conventional Pickering emulsions, the size of the encapsu-
lated and external geometries of our droplets can be controlled 
through variations in particle concentrations, [  27  ]  and because the 
droplets contain two dissimilar liquid domains, they have the 
capacity to hold chemically distinct materials. In addition, they 
also have triggered release capabilities because they are sensi-
tive to threshold values in temperature and to solvency effects, 
and it is plausible that bijel capsule technology may lead to 
advancements in controlled release. 

   2. Results and Discussion 

  2.1. Sub-Ten-micrometer-Scale Bijels of Nitromethane, 
Ethanediol, and Silica Particles with Tunable Wettability 

 Control over the wettability of our particles has laid the founda-
tions for the progress reported in this paper. All bijels presented 
here are made with Stöber silica that was silanized with the rea-
gent hexamethyldisilazane (HMDS) and we can reproducibly 
modify our silica colloids. The principal reason why the HMDS 
based reaction is so robust is because it is carried out in a water, 
ammonia, and ethanol solution. As a result, the reaction is insen-
sitive to water contamination and the particles are resistant to fl oc-
culation: two problems that can plague silanization reactions with 
(the often used) chlorosilanes. [  28  ]  As demonstrated in  Figure    1  , 
the nature of the structure formed after a critical ED–NM 
phase separation in the presence of silanized silica depends 
on the wetting properties of the particles because it is only 
when the three-phase contact angle is close to 90 °  (Figure  1 b) 
that the curvature of the interface is not affected and a bijel 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 2020–2027
is produced. Silica particles modifi ed with too little HMDS 
(Figure  1 a) are favorably wetted by the ED rich phase and bend 
the interface towards the NM rich phase to produce NM in ED 
(NM/ED) Pickering drops. The opposite situation is true for par-
ticles modifi ed with too much HMDS (Figure  1 c) where ED/NM 
Pickering drops form. We use this relationship to tune the reac-
tion conditions to achieve neutral wetting. For example, if all 
our HMDS modifi ed silica batches lead to ED/NM Pickering 
drops, we would surmise that less HMDS is required and the 
next round of silanization would be tailored accordingly.  

  Figure    2   displays confocal micrographs of the ED–NM bijel 
fabricated using three different silica colloids. Each of these 
bijels is fully three dimensional (data not shown). The red 
regions correspond to the NM-rich phase of the bijel which 
has been rendered fl uorescent by the addition of the fl uoro-
phore Nile Red and the position of the particles correspond to 
the tortuous green lines that are clearly visible at the interface. 
The bijels pictured in Figure  2 a and c were fabricated with 
FITC labelled silica particles, whilst non-dyed silica particles 
arrested the bijel displayed in Figure  2 b. This accounts for 
bH & Co. KGaA, Weinheim 2021wileyonlinelibrary.com
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    Figure  3 .     The NM-ED phase diagram. [  29  ]   v  c  denotes the critical concentra-
tion,  v  b  the NM volume fraction at the NM rich boundary of the phase 
diagram and  v  a  the volume fraction at the ED rich boundary. The liquid–
liquid phase diagram is relatively symmetric and phase separation pro-
duces two liquid phases of near equal volumes which is ideal for bijel 
fabrication.  
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the notably higher image quality of Figure  2 a and c, because 
fl uorescent microscopy was used to collect the particle signals 
here as opposed to refl ection mode for Figure  2 b. The domain 
separations of the bijels vary markedly, with values of 50, 100, 
and 2.4  μ m for Figure  2 a, b and c respectively. As detailed in 
Reference 14, variations in domain size,   ξ  , can be described by,

 
>

d
�v

"
  

(2)
     

 where  d  is particle diameter and  �v   is the volume fraction of 
the particles. [  27  ]  The rationale for this relationship is straight-
forward: a bijel is arrested when all its liquid–liquid interface 
is covered with particles and small particles and high particle 
concentrations require more surface area in comparison to 
large particles and low particle concentrations respectively 
(for a video of our silanized silica particles trapped at and jam-
ming the liquid–liquid interface to form a bijel see Supple-
mentary Information S1). It then follows from  Equation 2  that 
the average separations in Figure  2 a are roughly half that of 
the separations in Figure  2 b because the former shows a bijel 
made with 453 nm radius silica particles at  �v     =  3% whilst 
the latter shows a bijel arrested with 310 nm silica particles at 
 �v     =  1%. The bijel presented in Figure  2 c has domain separa-
tions around 2.4  μ m (it should be noted that numerous necks of 
the bijel have a sub-micrometer width) because it was fabricated 
with silica with a radius of 67 nm at  �v     =  11.5%. This sub-
ten-micrometer-scale (STMS) bijel is the smallest-scale bijel 
made to date from low molecular weight liquids. 

 This is signifi cant because by reducing domain separation 
by a factor of 20, which is roughly the case here, interfacial 
area between the separate domains is increased by a factor of 
400. Such a large increase in surface area could be useful in a 
number of instances. For example, it has been proposed that 
the bijel could act as a microreactor where a reacting solution 
would be pumped through one set of domains whilst producing 
products that preferentially diffuse into a counter fl owing liquid 
pumped through the other domain set. In this case, an increase 
in surface area would improve both the purity and yield of any 
collected products. Furthermore, the downsizing makes the 
bijel viable for use in a host of new applications where con-
tinuously connected porous media are required. With further 
work, the size scale reduction will be continued and the ability 
to control domain size from the micrometer to nano-scale will 
be employed to tailor the bijel for specifi c applications. 

 The ED–NM phase diagram ( Figure    3  ) has a number of 
features that make it an excellent system for bijel fabrication. 
Firstly, unlike most binary liquid systems, the ED-NM’s phase 
diagram is highly symmetric and after separation a bicontin-
uous geometry with two domains of near equal volume is pro-
duced. The volume ratio of the liquid phases can be calculated 
by applying the Lever rule:

 Vnm = vc − va

vb − va
,   (3)     

 where  vc − va   is the length of the tie line from the critical 
concentration to the ED–NM phase boundary at lower NM 
concentrations and  vb − va   is the width of the phase diagram, 
and we calculate the ED rich:NM rich volume ratio to be 48:52 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
at 26  ° C (roughly our quenching temperature). This is sup-
ported through inspection of the bijel images in Figure  2  where 
a pixel count suggests ED:NM volume ratios of 45:55, 44:56 and 
49:51 for Figure  2 a, b, and c, respectively. These results can be 
compared to the W:L volume ratio, obtained from the (far more 
unsymmetrical) W–L phase diagram, of 68.9:31.1. A further 
advantage is that the ED–NM bijel is not susceptible to gravi-
tational effects such as creaming, because the densities of NM 
and ED are almost the same (1.13 and 1.11 g cm  − 3  respectively) 
and the capillary length is roughly 3 mm at ambient tempera-
ture. Storage, transportation and experimention are far more 
straightforward because the ED–NM bijel is stable at room 
temperature and has a UCST of 40  ° C (with the presence of 
particles this is raised to 46.3  ° C) and a quench to room temper-
ature is normally suffi cient to fabricate the bijel (as explained in 
the experimental section a quench to 0.5  ° C is required for the 
STMS bijels). This last factor has made our rheological work on 
the bijel possible because we are able to fabricate the ED–NM 
bijel in geometries that are more appropriate to the basic exper-
iments outlined in the next section. 

   2.2. Bijel Rheology 

 Preliminary studies suggested that the bijel has a yield stress 
through the observation that the sedimentation rate of a cylin-
drical wire, dropped into a W-L bijel, rapidly fell to zero in the 
upper regions of the structure. [  14  ]  Consequently, a lower bound 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2020–2027
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    Figure  5 .     The response of a bijel to shear stress. A) (left) a–d) One can 
clearly see alignment of the domains with the direction of the shear (shear 
direction is given by the red arrows). No time information is given as the 
stress was not applied continuously or at an even rate. B) (Right) a–c) The 
application of shear increases interfacial area leaving areas devoid of par-
ticles which snap back into shape as the shear ceases, due to energetically 
unfavorable liquid–liquid contacts. d–f) If the stretching of a domains 
takes place close together, domain zipping can occur. Both scale bars 
are 100  μ m.  
yield stress of 600 Pa was estimated, though such a large yield 
stress could be due to van der Waals interactions between parti-
cles as it was envisaged that the bijel’s static modulus,  G , would 
scale as

 G
(
>

"   (4)   

i.e., a yield stress 2 orders of magnitude smaller. [  9  ,  13  ,  14  ]  Just 
as with Pickering drop distortion, for bijel fl ow to take place, 
unjamming of the particle monolayer is required. This requires 
dilation, and assuming close packing, the minimum yield strain 
necessary is 0.15. [  30  ]  However, because the bijel is a fully inter-
connected structure it is anticipated that signifi cant local fl ow 
will only be produced when a larger scale reorganization takes 
place, i.e., the breaking and reforming of domains. Such reor-
ganization was apparent on the post inspection of the bijel after 
the aforementioned load bearing experiment. A “healing” effect 
was also evident because, despite the wire puncturing domains, 
no interface was left devoid of particles and the confi guration of 
the bijel’s domains has been altered to support the wire. [  14  ]  

 Our rheological work involves two simple qualitative experi-
ments that probe the bijel’s response to a local, compressional 
stress and to a shear stress ( Figure    4   and  Figure    5   respectively). 
The key feature of this work is that we have been able to visu-
alize the bijel before, during, and after deformation. As demon-
strated in Figure  4 , when a 120  μ m diameter needle is pressed 
into a ED–NM bijel, contained in an enclosed geometry, a 
change of length of 5 domains is evident, whilst on relaxa-
tion (removal of the needle) the ED–NM bijel resumes a near 
original state. It is therefore apparent that the bijel is remark-
ably elastic. The domains adjacent to the needle are observed 
to elongate during the compression whilst a comparison of 
Figure  4 a with Figure  4 h reveals local plastic rearrangement 
of the areas directly contacted by the needle with the domains 
here elongated in the axis of the applied compression.   

 The ‘training’ of the structure seen in the needle compres-
sion is more evident in the second rheological test: a simple 
shear experiment where the ED–NM bijel is fi rst formed 
between two glass cover slides, after which the top slide is trans-
lated with respect to the stationary lower slide (Figure  5 ). From 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 2020–2027

    Figure  4 .     a–h) The response of the ED–NM bijel to compression with a 
nylon needle (d n   =  120  μ m). Strain of the order of 100  μ m (fi ve domain 
widths) is evident and the bijel resumes a near original state after the 
removal of the needle. The associated timings are 1.60, 2.40, 2.80, 3.20, 
3.40, 4.00, and 5.60 seconds. The bright regions correspond to the ethan-
ediol rich phase that was dyed with fl uorescein. The scale bar is 100  μ m.  
the separation of domains before and after the deformation, we 
estimate the strain to be around 25% and the imaging reveals 
that the bijel is able to modify its architecture in a continuous 
fashion resulting in an anisotropic fi nal structure whose 
domains are aligned with the direction of the shear (Figure  5 A). 
The aligning of domains can be compared to simulations by 
Kim et al. where the bijel orients and thickens in the direction 
of a force applied at the bijel’s interfaces. [  31  ]  This smooth transi-
tion from an isotropic-like structure to anisotropic one requires 
exceeding the yield stress to allow particle rearrangement at the 
interface whereupon the bijel is “fl uidised” and fl ows. On relax-
ation, the bijel returns to a jammed state but one that main-
tains the imparted orientation. The second part of this concept 
is illustrated in Figure  5 B a–c, as domains can be seen snapping 
back into a more compact, particle-jammed state to avoid the 
energetically unfavorable liquid–liquid contacts when shearing 
momentarily ceases. The bijel is also able to rearrange its con-
nectivity to compensate for the shear stress because separate 
domains may break and/or coalesce with closely position ones 
(Figure  5 B d–f). Coalescence is possible because the shearing 
increases the interfacial area of the domains leaving regions 
devoid of particles. It should be noted that Figure  5 B shows a 
bijel that is one domain deep, roughly 150  μ m, whilst the bijel 
displayed in Figure  5 A is around 800  μ m in depth and extends 
upwards by many domains. 

 These basic compression and shear tests serve to underline 
the soft–solid nature of the bijel resulting from the connectivity 
of the domains and confi rm some of the speculation about 
bijel rheology. Furthermore, a fully three-dimensional bijel 
is a large, arrested analog of the surfactant sponge phase and 
the results presented here suggest that more ordered arrested 
phases might be created using “training” in external fi elds such 
as shear. Next, we explore the bijel and its structure under con-
fi nement. For complete movies of these qualitative rheological 
experiments please see supplementary materials S2 and S3. 
mbH & Co. KGaA, Weinheim 2023wileyonlinelibrary.com
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   2.3. Bijel Capsules 

 The encapsulation of smaller Pickering drops within larger 
Pickering drops to form multiple emulsions is a well known 
method to enclosing two immiscible liquids within the same 
micro compartment; it is standard practice to achieve this 
through a step by step liquid addition and mixing procedure. [  26  ]  
We present an alternative to multiple emulsions by fabricating 
a bijel within a Pickering drop. We christen these novel struc-
tures bijel capsules. The host for the capsules is an oil-stabilized 
silica dispersion in dodecane with a radius of 405 nm (from 
dynamic light scattering measurements. The dispersion was 
stabilized through poly-(12-hydroxystearic acid) (PHS) hairs. 
The bijel capsule’s formation route is straightforward, relying 
on three steps which proceed as follows (for further details see 
the Experimental section). At 53  ° C, a critical ED–NM mixture 
containing silanized silica particles, is added to this host phase. 
The resultant mixture (ED, NM, dodecane and two batches of 
particles) is then hand-shaken to form PHS-silica stabilized 
Pickering droplets, containing a single phase of ED, NM and 
silanized silica, within a dodecane continuous phase. To form 
the bijel capsules, we then quench the mixture to room tem-
perature to induce SD within the drops which is arrested by 
the silanized silica. The bijel capsules are three dimensionally 
bicontinuous as seen in  Figure    6   where a characteristic con-
focal stack is presented. Our results demonstrate that the fi nal 
location of the different types of particles is determined by their 
wettability; those with the PHS surface sequester to the outer 
surface of the capsule (Figure  6 f), whilst the silanized silica par-
ticles remain within the capsule maintaining the internal archi-
tecture. Phase separations that take place in confi nement are 
susceptible to boundary effects, for example, it is known that the 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com

    Figure  6 .     a–e) A fl uorescent confocal stack of a bijel capsule where the 
three-dimensional structure of the encapsulated bijel can be clearly seen. 
The green regions correspond to FITC dyed particles on the interface 
(silanized silica within the capsule and silica stabilized with PHS chains 
at the capsule periphery). The ED (dark) and NM (red) rich phase reside 
within the capsule which sits in a continuous dodecane phase (dark). 
Images proceed from (a) to (e) and are 10  μ m apart, with the lowest 
image, (e), was taken at 15  μ m from the bottom of the sample. The scale 
bar is 100  μ m. f) The isolated fl uorescent signal of the PHS-silica particles 
which stabilize the exterior of the capsules of a capsule whose interior 
interfaces are populated by non-dyed silica particles.  
preferential wetting of confi ning walls by one of the two liquids 
in a binary mixture can alter composition and shift a sample 
away from criticality. [  32  ]  Because our temperature quench 
protocol is relatively slow, any large variations away from the 
critical concentration would result in nucleation and since we 
instead observe SD, we infer that pre-transitional wetting has 
a small effect on the critical phase separation in bijel capsules. 
The presence of boundaries can also affect liquid–liquid separa-
tion by constraining the position, shape and size of domains 
during de-mixing. [  33  ]  Again, this effect is minimal, with both 
the ED and the NM phases sharing the capsule periphery in 
roughly equal proportions (Figure  6 ) whilst no favored domain 
orientation is apparent at the bounary.  

 As currently realized, the external phase of a bijel capsule 
must be scarcely soluble in both of the internal phases. Hence, 
the same system can be used to produce droplet-fi lled capsules, 
and to switch (i.e., invert) the internal phases by changing the 
proportions of the two phases. [  22  ,  23  ]  This catastrophic inversion 
can be seen in  Figure    7  . To prepare a microcapsule containing a 
continuous NM-rich phase holding ED-rich droplets (Figure  7 a), 
we add an excess of NM relative to the critical composition and 
perform the mixing, heating and quenching protocol outlined for 
the bijel droplets. To create a continuous ED-rich phase holding 
NM-rich droplets (Figure  7 c), we perform the opposite change 
in composition. With neutrally wetting particles, inversion takes 
place at the critical composition (where a bijel forms). In other 
words, and as observed in Figure  7 , the internal architecture can 
be directly related to the phase-separation mechanism: nuclea-
tion yields droplets whilst SD yields bicontinuous domains.  

 As well as controlling the geometry of the structure (i.e., drop-
lets or bicontinuous) we can control the internal channel size 
within our capsules and the external capsule size as these are 
inversely proportional to the volume fraction of the silianized 
silica in the ED–NM phase and the PHS-silica in the dodecane 
phase respectively ( Equation 2 ). For the capsule diameter, this 
relationship is presented in supplementary materials S4; con-
trol here is loose because the PHS-silica tends to aggregate at 
higher concentrations and the glass cells (used for visualization 
purposes) do not allow uniform mixing. For the internal struc-
ture presented in  Figure    8  ,  Equation 2  holds more rigorously 
and it is evident that there is a reduction in average domain 
size and an increase in domain tortuosity with an increase 
in  �v    of the silianized silica particles. [  14  ]  For suffi ciently low 
 �v   or capsule size, the internal domain size or interface sepa-
ration begins to become a substantial fraction of the diameter 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2020–2027

    Figure  7 .     a–c) Particle-stabilized multiple emulsions formed after the de-
mixing of the binary liquid ED and NM. a) Particle-stabilized droplets of 
the ED-rich phase contained in a larger drop of the NM-rich phase, b) a 
bijel and, c) NM-rich droplets contained in a larger ED-rich droplet. The 
scale bar is 100  μ m.  
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    Figure  8 .     Confocal microscopy images showing the effect of  �v    on 
domain size. a–c)  �v     =  3.5, 2.3 and 1.1, respectively. The color scheme 
is the same as detailed previously and one can clearly see the reduction of 
domains size with an increase in  �v  . The scale bar is 100  μ m.  

    Figure  10 .     a–f) A demonstration of the triggered collapse of the internal 
particle architecture (caused by liquid remixing). The silica particles 
(green) are initially at the ED–NM interface. At 46.3  ° C, the internal 
structure collapses, the ED and the NM (red) remix and the particles 
re-disperse. The heating rate was 17  ° C min  − 1  and each image was taken 
14.4 s apart. The scale bar is 100  μ m.  
of the capsule giving a more open internal architecture. Hence, 
just as with the bulk bijel, we will be able to tailor capsule size 
to meet any future application demands.  

 Note, that there are a variety of areas where it is benefi cial 
to hold two contrasting materials within the same capsule (for 
example, haircare, where a dye and a bleach are held separately) 
but released together. [  34  ]  For such applications we have envis-
aged three ways that release or mixing might be carried out. 
Firstly (and most obviously) through the application of shear, 
just as with vesicle- based delivery vehicles, [  35  ]  and we have elu-
cidated that for bijel capsules with diameters around 500 nm, 
that a stress between 40–50 Pa is required to break open the 
outer particle shell (data not shown). The bijel capsules also 
have the capacity to release their encapsulated materials 
through two trigger mechanisms. 

 The fi rst mechanism is shown in  Figure    9  . Here, the addition 
of small amounts of ethanol induces partial mixing of all four 
liquids allowing for the escape of fl uorescein dye, contained in 
the ED phase, into the dodecane. Collapse of the internal archi-
tecture is observed because on mixing, interfacial tension, the 
“glue” that holds the particles at the interface, no longer exists. 
The second mode of triggered release also relies on removing 
interfacial tension, achieved this time by heating above the 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 2020–2027

    Figure  9 .     a–f) The triggered collapse of a bijel capsule on the addition 
of ethanol to the continuous dodecane phase. The mixture of ethanol, 
ED, NM and dodecane is partially soluble, promoting the collapse of the 
external and internal structure of the bijel and allowing the bulk release 
of its encapsulated materials. Images were taken one second apart and 
the scale bar is 100  μ m.  
ED–NM UCST of 46.3  ° C (with particles).  Figure    10   demon-
strates this process and there is a quick collapse of the inner 
colloidal network during heating and remixing. Whilst the 
addition of ethanol triggers release of previously encapsulated 
materials into a continuous phase, this second mechanism 
only allows internal mixing and does not require the addition 
of a further material. Because of this, the temperature induced 
release mechanism could be used to trigger contact and mixing 
within the capsule between previously compartmentalized 
reactants. As currently realized, this would be best suited to 
“large” bodies such as functionalized colloidal particles, that are 
unable to diffuse through the interstices of the inner colloidal 
network. [  36  ]    

    3. Conclusions 

 We have prepared bijels from the binary liquid, ethanediol and 
nitromethane. Silanization has allowed us to make this bijel 
from a range of silica colloids that vary in size and dye content 
and the ethanediol–nitromethane bijel has been manipulated 
to advance knowledge of bijel properties and capabilities. For 
example, in line with the anticipated scaling behavior, the fi rst 
bijel with domains smaller than ten micrometers was created by 
using small silica particles at high concentrations and its com-
paratively massive surface area broadens the application poten-
tial of the bijel. Additionally, the bijel’s mechanical behavior 
was investigated through the imaging of both uniaxial com-
pression and shear experiments. From the compression experi-
ment, a remarkable elasticity was revealed whilst the shear 
experiment demonstrated that the bijel domains can be trained 
with the fl ow direction. Finally, bijel capsules were formed via 
spinodal decomposition of the binary liquid within Pickering 
drops in dodecane where the capsule and the encapsulated 
domains sizes can be controlled through variations in particle 
bH & Co. KGaA, Weinheim 2025wileyonlinelibrary.com
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concentrations. Triggered mixing within the capsules can be 
achieved by heating above the liquids’ upper critical solution 
temperature whilst the addition of ethanol induces the release 
of dye into the continuous phase. As such, the bijel capsules 
concept might fi nd applications in controlled release areas such 
as in the triggered mixing of fl avors required in various food 
formulations. 

   4. Experimental Section 
  Particle Preparation : Silica particles were prepared according to the 

Stöber method or with a slightly modifi ed synthesis for the FITC dyed 
silica particles. [  37  ,  38  ]  Silanization of these particles then took place in a 
solution of hexamethyldisilazane (HMDS), ethanol, water, and ammonia. 
To prepare the dyed PHS-silica particles that stabilize the bijel capsule 
surfaces, 3-(trimethoxysilyl) propyl methacrylate was added to a comb 
polymer made up of a backbone of poly-(methyl methacrylate) and “teeth” 
of PHS to allow attachment to the silica cores through silane bonds. 

  Nitromethane-Ethanediol Bijel and Bijel Capsule Formation : To make the 
pre-mixture used for both the bulk bijel and bijel capsules, nitromethane 
(99  +  % Acros Organics) containing the fl uorophore Nile Red (Sigma 
Aldrich) and 1,2-ethanediol (100  +  % Sigma Aldrich) were added in 
critical proportions (mass ratio ethanediol 1:1.75 nitromethane) to the 
silanized silica. The materials were then mixed for two minutes using a 
Sonics Vibra-cell set to 5 watts. This process simultaneously dispersed 
the silica and heated the mixture above the critical temperature to give 
a single-fl uid phase. For bulk bijel formation, the dispersion was then 
pipetted into a pre-heated (53  ° C) optical glass cuvette (Starna Scientifi c) 
with a 1 mm path length. For capsule formation, the dispersion was 
pipetted into a pre-heated glass cuvette containing PHS-silica colloids 
in dodecane (Sigma Aldrich 99% + ) and shaken by hand to form a PHS-
silica-stabilized emulsion. In both cases, spinodal decomposition was 
then initiated by temperature quenching through the critical point. This 
was achieved either by placing the cuvette in an aluminium block at 
23.3  ° C, that was specifi cally designed to fi t the cuvette, or by placing 
them onto a metal surface at room temperature. For the sub-ten-
micrometer-scale bijels, after mixing and heating via sonication, the ED, 
NM and silica mixtures were held at 68.3  ° C where they were transferred 
to pre-heated capillaries (W5010 VitroCom microslides, 0.1 mm  ×  
2.0 mm internal diameters) and then quenched to 0.5  ° C using an ice 
and water mixture. 

 As outlined above, both the starting temperatures and the quench 
temperatures were different for the formation of the STMS bijels and 
standard scale bijels. With regard to the starting temperatures, it was 
found that for both the STMS and the standard scale bijels, a variety 
of initial temperatures could be used to produce a stable bicontinous 
structure. It therefore appears that the choice of starting temperature 
does not affect the formation of the fi nal jammed structure (assuming the 
temperature is above the UCST and below the boiling points of the liquid 
constituents). However, the depth of the quench is important and the 
STMS bijels are best formed when quenching to 0.5  ° C. An explanation for 
this requirement can be given when one considers that the depth of the 
energy minimum at the liquid–liquid interface scales with  R  2  ( Equation 1 ). 
Hence, in the early stages of SD, when the interfacial tension is lowest, 
smaller particles are more likely to leave the interface than larger ones. 
Our quench to room temperature may not increase the interfacial tension 
suffi ciently rapidly to hold the smaller particle at the liquid–liquid interface 
whilst, it is possible, a deeper quench to 0.5  ° C does. 

  Static Confocal Imaging : For the “normal”-scale bijels imaging was 
carried out using a Nikon Eclipse TE300 inverted microscope with 
a Biorad Radiance 2100 scanner. In all but one example, samples 
were imaged at 20 ×  magnifi cation with an extra long working distance 
PlanFluor Nikon objective with an adjustable correction collar. 
The confocal images of the non-fl uorescent silanized-silica particles 
were obtained using incident light (488 nm) produced by an Ar-ion laser. 
© 2011 WILEY-VCH Verlag wileyonlinelibrary.com
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Depending on the particle type, light passed through either a D488/10 
fi lter (refl ected light) or a HQ515/30 (fl uorescent light) before collection. 
The liquid domains were distinguished by the use of Nile Red or 
Fluorescien dye, which preferentially partition into the nitromethane-rich 
and ethanediol phase respectively. The Nile Red dye was imaged using 
light from a Green Helium-Neon laser (543 nm) and a 570 nm long-pass 
fi lter whilst the Fluorescein dye was imaged with the Ar-ion laser and the 
HQ 515/30 fi lter as detailed above. The STMS bijels were imaged using 
a Zeiss Observer Z1 inverted microscope in conjunction with a LSM 700 
scanner. A Zeiss 63 ×  objective was used for magnifi cation here. 

  Heating and Imaging : Simultaneous heating and imaging was carried 
out by fi tting a brass resistance heating unit around an aluminum block. 
The aluminium block was specifi cally designed to fi t the optical cuvettes 
and has a cylindrical pathway through it to allow visualization of the 
cuvette. The temperature was controlled by a proportional-integral-
derivative controller (Lakeshore 331) with a type-K thermocouple 
(Omega) positioned at the surface of the glass cuvette. Heating took 
place at a rate of 17  ° C min  − 1 . 

  Rheological Imaging : Imaging of the rheological experiments was 
carried out with a Visitech VTeye confocal scanner connected to a Nikon 
TE Eclipse 300 inverted microscope which allows for fast acquisition 
rates. A solid state 488 nm laser was used to excite either the FITC 
dyed silica or the fl uorescein contained in the ethanediol phase. For the 
compression experiment a 20 ×  extra long working distance PlanFluor 
Nikon objective was used and the bulk bijel was made as above. For the 
shear experiment, a NM-ED bijel was made between two glass coverslips 
and the critical mixture was quenched by direct contact with the room 
temperature glass slips. A 4 ×  Plan Apo Nikon objective was used for 
magnifi cation in this case.   
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