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Abstract 

Cryogenic transmission electron microscopy (Cryo-TEM) provides direct visualization of bicontinuous sponge (L₃) 

phases, where a surfactant bilayer meanders through space, dividing solvent into two continuous domains. Temperature 

increase destabilizes lamellar order by lowering the bending rigidity and driving the Gaussian modulus toward values 

that favor handle formation. We captured this transition as the loss of layered registry and the emergence of a labyrinthine 

bilayer network rich in saddle regions. A Cahn-Hilliard-type phase-field model reproduces these features: small shifts in 

the free-energy landscape and interfacial penalty are sufficient to convert stripe-like lamellae into bicontinuous 

structures. This synergy between imaging and modeling highlights how thermal fluctuations push membranes into 

topologies inaccessible at lower temperatures, offering a predictive framework for designing temperature-responsive 

surfactant systems. 

Keywords: Cryo-TEM; Sponge phase; Cahn–Hilliard phase-field; Bicontinuous phase. 

1. INTRODUCTION

Bicontinuous sponge (L3) phases occupy a

distinctive place in soft matter science. They are 

formed when a surfactant bilayer folds into a  

highly connected labyrinth, partitioning solvent 

into two interpenetrating but disconnected 

domains. Unlike lamellar phases, which preserve 
118
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long-range positional order, sponge phases are 

globally isotropic yet microscopically 

structured. Their unusual topology underlies 

applications ranging from drug solubilization to 

templating of nanostructured materials [1,2]. 

The stability of such bicontinuous phases 

reflects a balance between curvature elasticity 

and thermal fluctuations. In the Helfrich 

framework, the areal free energy of a bilayer is 

expressed as: 

𝑓 =
𝑘𝑐
2
(2𝐻 − 𝐶0)

2 + 𝑘̅𝐾 (1) 

where 𝑘𝑐 is the bending rigidity, 𝐶0 the 

spontaneous curvature, and 𝑘̅ the Gaussian 

modulus [3]. Lamellar stacks are favored when 

𝑘𝑐 is large and 𝑘̅ negative, penalizing topology 

changes. By contrast, sponge phases emerge 

when heating reduces 𝑘𝑐 and drives 𝑘̅ toward 

zero or positive values, lowering the barrier to 

pore formation and bilayer connectivity [4,5]. 

While reciprocal-space techniques such as 

small-angle scattering provide statistical 

signatures of this transition, they cannot directly 

capture the real-space connectivity. Cryogenic 

transmission electron microscopy (Cryo-TEM) 

has recently enabled direct visualization of 

sponge bilayers as saddle-rich, multiply 

connected networks, making it possible to 

distinguish genuine L3 morphology from 

perforated lamellae or multilamellar vesicles 

[6,7]. 

Alongside experimental advances, phase-

field modeling offers a complementary 

conceptual framework. The Cahn–Hilliard 

equation, originally introduced to describe 

spinodal decomposition [8], can be extended 

with bilayer-specific free-energy terms to 

generate diffuse interfaces that reproduce 

lamellar and bicontinuous morphologies [9,10]. 

This formalism naturally accommodates 

topological transitions, such as handle 

formation, that are difficult to treat in sharp-

interface models. 

The present study combines Cryo-TEM 

imaging with a Cahn–Hilliard interpretation of 

temperature-induced phase transitions in 

surfactant bilayers. We focus on the lamellar-to-

sponge transformation, demonstrating how direct 

visualization and diffuse-interface modeling 

converge to explain the role of thermal softening 

in generating bicontinuous connectivity. 

2. RESULTS AND DISCUSSION

Samples were prepared following the

standard protocol described by Georgiev et al. 

[11]. 

2.1 Temperature-driven morphological 

changes observed by Cryo-TEM 

At lower temperatures the surfactant bilayers 

arrange in lamellar stacks, clearly visible in 

Cryo-TEM micrographs as parallel density 

bands with long-range registry. Upon heating, 

this order is lost: the images reveal a 

bicontinuous labyrinth where bilayers curve 

through space and form saddle-shaped passages. 

The disappearance of parallel alignment and the 

emergence of multiply connected motifs mark 

the transformation into a sponge (L₃) 

morphology. Fast Fourier transforms (FFTs) of 

the images support this distinction, with sharp 

lamellar reflections at low temperature giving 

way to a diffuse ring at higher temperature, 

corresponding to a characteristic mesh size in 

the tens of nanometers. 

a 
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Fig. 1. Cryo-TEM images of surfactant bilayers 

at two temperatures. (a) Lamellar morphology with 

parallel registry (T = 15 °C). (b) Sponge 

morphology with bicontinuous connectivity (T = 25 

°C). Insets: FFTs showing the disappearance of 

lamellar reflections and the appearance of a diffuse 

ring (illustrative)[12]. Scale bars: 500 nm. 

2.2 Cahn–Hilliard phase-field interpretation 

The lamellar–sponge transition can be 

reproduced within a diffuse-interface 

framework. In the Cahn–Hilliard formulation, 

an order parameter 𝜙(𝒓, 𝑡) distinguishes solvent 

domains, while the free energy includes both 

bulk and gradient terms:  

𝜕𝜙

𝜕𝑡
= ∇ ∙ (𝑀∇μ) 

𝜇 =
𝛿𝐹

𝛿𝜙
(2) 

𝐹[𝜙] = ∫[𝑓(𝜙) +
𝜅

2
|∇ϕ|2 + 𝜆(∇2𝜙)2] 𝑑𝑉

Here, 𝜅 penalizes interfaces, while 𝜆 selects 

bilayer-type structures. Reducing 𝜅 mimics the 

effect of heating, which lowers the bilayer 

bending modulus and softens interfaces. 

Simulations show that under these conditions, 

stripe-like lamellae destabilize and reorganize 

into bicontinuous labyrinths. The transition 

occurs through handle formation, a process 

naturally allowed in the phase-field framework 

but difficult in sharp-interface models. 

The order parameter 𝜙(𝒓) reveals how 

gradual softening of the system destabilizes 

lamellae and enables bicontinuous connectivity, 

mirroring the morphological transition observed 

in experiments. 

2.3 Mechanistic picture 

At lower temperature, the Cryo-TEM images 

(Fig. 1a) show parallel, registry-preserving 

fringes characteristic of lamellae. This 

morphology reflects a regime with high 𝑘𝑐 and 

negative 𝑘̅: the membrane pays a large energy to 

bend or nucleate passages, so it minimizes 

curvature by stacking into nearly flat layers 

(small |𝐻| and 𝐾 ≈ 0 almost everywhere). Upon 

heating, lamellar registry is lost and the 

micrographs display a labyrinth of saddle 

regions (Fig. 1b). These saddles are the real-

space fingerprint of negative Gaussian curvature 

(𝐾 < 0), i.e., handles and necks that thread the 

bilayer into a bicontinuous network (L3). 

Mechanically, this is exactly the scenario where 

𝑘𝑐 has decreased and 𝑘̅ has shifted toward values 

that no longer penalize connectivity. The FFT 

insets reinforce the picture: sharp lamellar 

reflections at low T give way to a diffuse ring at 

higher T, consistent with the emergence of a 

characteristic mesh size ξ in the bicontinuous 

state. In practice, ξ is set by a competition 

between bending costs (via 𝑘𝑐) and an effective 

interfacial penalty; larger thermal softening 

tends to increase ξ (coarser networks), whereas 

residual constraints (e.g., hydration, additives) 

can pin ξ at smaller values. 

The phase-field simulations (Fig. 2) 

reproduce these morphological regimes by 

tuning a single control parameter 𝒓 that plays the 

role of an effective temperature/softening knob. 

More negative 𝒓 yields stripe/lamellar patterns, 

numerical analogs of Fig. 1a, because the 

model’s gradient and higher-order penalties 

suppress handle formation. As 𝒓 is increased, 

stripes destabilize via handle nucleation and 

coalescence into a bicontinuous labyrinth (Fig. 

2b), mirroring the sponge morphology in Fig. 

1b. Near 𝒓 → 𝟎 the amplitude weakens (Fig. 2c), 

consistent with a softened interface where long-

range  
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Fig.2. Two-dimensional phase-field simulations of the 
conserved Swift–Hohenberg equation illustrate 

temperature-induced transitions in surfactant bilayer 
morphology. (a) Stripe-like (lamellar) state at low effective 
temperature (𝒓 = −0.65), (b) Bicontinuous “sponge”-like 
state at intermediate temperature (𝒓 = −0.40), (c) Weakly 
modulated, near-homogeneous state at high temperature 

(𝒓 = −0.05). 

order is absent and connectivity is easily 

reconfigured. Topologically, this progression 

corresponds to an increase in genus (number of 

handles) and a more negative Euler 

characteristic, the same topological signature 

implied by the saddle richness in the Cryo-TEM. 

Thus, the agreement is not merely visual: the 

simulations encode the same mechanical trade-

offs as the membrane (bending vs. interface vs. 

topology) and the transition pathway (stripe 

breakup → neck formation → networking) is the 

algorithmic counterpart of what the microscope 

reveals. 

 
3. CONCLUSIONS 

Temperature acts as a clean control parameter 

for topology in surfactant bilayers. Cryo-TEM 

directly reveals a lamellar-to-sponge 

transformation as heating disrupts layer registry 

and generates a saddle-rich, bicontinuous 

network. A minimal phase-field (Cahn–Hilliard 

with higher-order interfacial penalty) 

reproduces this pathway: modest shifts in the 

control parameter destabilize stripe-like 

lamellae and yield labyrinthine connectivity via 

handle formation. 

Taken together, the real-space imaging and 

the diffuse-interface model provide a compact, 

predictive framework in which thermal 

softening—interpretable as reductions in 

effective bending rigidity and a shift of the 

Gaussian modulus—lowers the barrier to 

topological change. This framework explains 

why small thermal nudges produce large 

morphological consequences and offers 

practical levers for design: tune temperature to 

set connectivity and mesh size, and use phase-

field simulations to pre-screen parameter space 

before formulation. Future work should quantify 

the temperature-dependence of the effective 

elastic moduli, extend to 3D reconstructions 

(e.g., cryo-electron tomography), and couple the 

model to transport/rheology to link morphology 

with function. 
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Continuation. As a next step, we will extend 

the structural readout to the liquid–air interface 

using imaging ellipsometry (IMME) to extract 

independent parameters, effective optical 

thickness, refractive-index contrast (Δn), 

surface coverage, and lateral domain statistics, 

thereby cross-validating and tightening the 

Cryo-TEM/phase-field picture [13]. 

 
Funding: 

European Regional Development Fund under 

the Operational Program “Research, 

Innovation and Digitalization for Smart 

Transformation 2021-2027”: 

CoC “Smart Mechatronic, Eco- and Energy 

Saving Systems and Technologies” 

Project BG16RFPR002-1.014-0005 

and "National Centre of Excellence 

Mechatronics and Clean Technologies" 

Project BG16RFPR002-1.014-0006 
 

 

REFERENCES 
 

[1] J.M. Seddon, R.H. Templer, Polymorphism of 

Lipid-Water Systems, in: 1995: pp. 97–160. 

https://doi.org/10.1016/S1383-8121(06)80020-5. 
[2] K. Larsson, Cubic lipid-water phases: structures 

and biomembrane aspects, J Phys Chem 93 

(1989) 7304–7314. 

https://doi.org/10.1021/j100358a010. 

[3] W. Helfrich, Elastic Properties of Lipid Bilayers: 

Theory and Possible Experiments, Zeitschrift Für 

Naturforschung C 28 (1973) 693–703. 

https://doi.org/10.1515/znc-1973-11-1209. 

[4] R. Podgornik, Statistical thermodynamics of 

surfaces, interfaces, and membranes, J Stat Phys 

78 (1995) 1175–1177. 

https://doi.org/10.1007/BF02183712. 

[5] M.E. Cates, S.T. Milner, Role of shear in the 

isotropic-to-lamellar transition, Phys Rev Lett 62 

(1989) 1856–1859. 

https://doi.org/10.1103/PhysRevLett.62.1856. 

[6] J.P.F. Lagerwall, G. Scalia, A new era for liquid 

crystal research: Applications of liquid crystals 

in soft matter nano-, bio- and microtechnology, 

Current Applied Physics 12 (2012) 1387–1412. 

https://doi.org/10.1016/j.cap.2012.03.019. 

[7] I. Davidovich, L. Issman, C. de Paula, I. Ben-

Barak, Y. Talmon, A cryogenic-electron 

microscopy study of the one-phase corridor in 

the phase diagram of a nonionic surfactant-based 

microemulsion system, Colloid Polym Sci 293 

(2015) 3189–3197. 

https://doi.org/10.1007/s00396-015-3773-7. 

[8] J.W. Cahn, J.E. Hilliard, Free Energy of a 

Nonuniform System. I. Interfacial Free Energy, J 

Chem Phys 28 (1958) 258–267. 

https://doi.org/10.1063/1.1744102. 

[9] C.M. Elliott, B. Stinner, Modeling and 

computation of two phase geometric 

biomembranes using surface finite elements, J 

Comput Phys 229 (2010) 6585–6612. 

https://doi.org/10.1016/j.jcp.2010.05.014. 

[10] H. Garcke, M. Rumpf, U. Weikard, The Cahn-

Hilliard equation with elasticity-finite element 

approximation and qualitative studies, Interfaces 

and Free Boundaries, Mathematical Analysis, 

Computation and Applications 3 (2001) 101–

118. https://doi.org/10.4171/ifb/34. 

[11] M.T. Georgiev, L.A. Aleksova, P.A. 

Kralchevsky, K.D. Danov, Phase separation of 

saturated micellar network and its potential 

applications for nanoemulsification, Colloids 

Surf A Physicochem Eng Asp 607 (2020) 

125487. 

https://doi.org/10.1016/j.colsurfa.2020.125487. 

[12] I.W. Hamley, V. Castelletto, O.O. Mykhaylyk, 

Z. Yang, R.P. May, K.S. Lyakhova, G.J.A. 

Sevink, A. V. Zvelindovsky, Mechanism of the 

Transition between Lamellar and Gyroid Phases 

Formed by a Diblock Copolymer in Aqueous 

Solution, Langmuir 20 (2004) 10785–10790. 

https://doi.org/10.1021/la0484927. 

[13] M. Georgiev, B. Konstantinov, K. Marinova, J. 

Petkov, K. Danov, Investigation of cationic 

surfactants adsorption behaviour on silicon 

wafers using imaging ellipsometry, Journal of 

the Technical University of Gabrovo 66 (2023) 

38–42. https://doi.org/10.62853/WVFB5121. 

 
 


	Koritsa.pdf
	Page 1

	K2.pdf
	Page 1




