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Abstract: Fabrication of tunable fine texture on solid metal surfaces, 

often demands sophisticated reaction/processing systems. 

Exploiting in situ polymerization and self-assembly of inorganic 

adducts derived from liquid metals (so-called HetMet reaction) with 

concomitant solidification, solid metal films with tunable texture are 

readily fabricated. Serving as natural dimensional confinement, 

interparticle pores and capillary adhered thin liquid films in a pre-

packed bed of undercooled liquid metal particles lead to expeditious 

surface accumulation of organometallic synthons, that readily 

oligomerize and self-assemble into concentration-dictated 

morphologies/patterns. Tuning particle size, particle packing (flat or 

textured), and reactant concentration generates diverse 

autonomously organized organometallic structures on a metal 

particle bed. Concomitant solidification and sintering of the 

underlying undercooled particle bed led to a multiscale patterned 

solid metal surface. We illustrate the effectiveness of this 

dimensionally restricted polymerization, coupled solidification and 

sintering process by creating tunable features on pre-organized 

metal particle beds with concomitant tunable wettability as illustrated 

through the so-called petal- and lotus- effects. 

Introduction 

Hybrid organic-inorganic materials have emerged as a versatile 

synthetic materials platform on which new technologies are 

realized,[1] albeit with underlying challenges in bonding.[2] 

Resulting materials, however, exhibit distinct mechanical,[3] 

thermal[4] and electrical properties,[5] with wide applications in 

biomedical,[6] mechanics[7] and heat-transfers.[8] Versatility of 

metal- (MOF) or Covalent- (COF) organic-frameworks illustrates 

potential versatility in morphologies, topologies and 

compositions,[9] powering interests in diverse fields such as 

phase separation,[10] energy conservation[11] and biomedical 

applications.[12] Hybrid materials could also be produced from 

the self-assembly of polymer/inorganic nanoparticles.[13] 

Commonly adopted batchwise solvothermal synthesis method is 

not amenable to generation of fine tunable surface features.[14] In 

addition, fluctuating reactant concentration in a solvothermal 

process is not ideal for polymerization or uniform ad infinitum 

self-assembly which calls for steady-state kinetics.[15] These 

challenges have been overcome through so-called 

heterogeneous metal-ligand (HetMet) reaction. In HetMet 

reactions, a metal ion reservoir is established via a liquid metal 

while a conjugate acid-base pair etch (H+) and in situ chelate (B-) 

the metal ions.[16] Felicitous choice of reaction media sustains a 

saturated but dilute solution of the metal adduct resulting in ad 

infinitum polymerization and concomitant in situ assembly of 

organometallic adducts into high-aspect ratio structures.[16a, 16b] 

The resulting material, however, are randomly dispersed in 

solution having no unique macro-assembly. 

Dimensional confinements in precipitative reactions are potential 

tools in reigning macroscale assembly/organization of HetMet-

derived organometallic structures with concomitant control over 

reaction kinetics and loci of the macro-assembly. For nucleation 

processes (crystallization or precipitative self-assembly), after 

reaching critical concentration, precursors accumulate at high-

energy spots (impurities, defects, curvatures etc),[17] followed by 

seed formation and growth. Dimensional confinement of the 

reaction media can therefore directly impacts reaction rate, flux, 

and morphology of the products.[18] For a chemical reaction 

𝑚𝐴 + 𝑛𝐵 ↔ 𝑝𝐶 + 𝑞𝐷, reaction rate v is determined by reactant 

concentration with the relation 𝑣 = 𝑘[𝐴]𝑚[𝐵]𝑛 . 

Undercooled Liquid Metal Core-Shell (ULMCS) particles 

possess granular packing behavior and surface plasticity at the 

oxide-metal interface. This plasticity implies that when v is low 

and/or particle is large, the reaction can be run for extended 

periods. When v is high, or particle small (≈1 m diameter), 

continued depletion of oxide—especially where localized, for 

example at capillary bridges, the protective oxide shell yields 

releasing the metastable liquid leading to sintering and 

solidification via heterogeneous nucleation.[19a] Exploiting fluidic 

capillary effects on densified ULMCS particle bed enables 

tunable reactivity and accelerated reaction kinetics with solvent 

evaporation.[19] These ULMCS particles beds are, therefore, 

exemplary platforms for studying dimensional confinement 

polymerization of inorganic polymeric materials for surface 

texturing.[20] Tunability in polydispersity, and therefore 

packing,[21] renders ULMCS particles ideal building blocks for 

surface-bound organometallic ensembles of soft structures from 

HetMet reactions.[19b, 21]  

Akin to other liquid metals, ULMCS particles are a good metal 

ion reservoir when subjected to a solution of conjugate acid-

base pair (Figure 1a). In-situ HetMet reactions leads to formation 

of organometallic structures that assemble into disparate high-

aspect ratio structures (Figure 1b-c).[16b] To exert dimensional 

confinement, an uniform multi-layer of ULMCS particles was pre-

spin-coated on Si (111) substrate (flat bed, Figure 1g) or pre-

textured into periodic surface structures akin to a rose flower 

made via recently reported BIOMAP process (textured bed, 

Figure 1i).[19b] When a small amount of conjugate acid-base pair 

solution is dropped to barely cover these beds, pores and inter-

particle spacing serve as dimensional confinement to generated 

adducts due to creation of capillary bridges with concomitant 

increase in wetted particle surface area (Figure 1d). Adding 
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acetic acid in ethanol solution onto particle assemblies, etched 

metal ions chelate (monomer synthons) accumulate in a low 

miscibility solvent leading to ad infinitum polymerization. And 

proximity to the particle surface induces on-particle deposition 

(Figure 1e). This ansatz implies that fine structures can be 

generated in-situ by applying dimension-confined polymerization 

(Figure 1f), either on flat (Figure 1h) or textured particle bed 

(Figure 1j). These adducts, like in natural self-cleaning systems, 

enable tunable wetting  analogous to their biomimetic congeners 
[22](“Petal effect",[23] Figure 1i insert and “Lotus effect”,[24] Figure 

1j insert). We therefore infer, and demonstrate, that 

stoichiometric controlled growth of these organometallic adducts, 

and their autonomous self-assembly, extends the recently 

reported metal soft-lithography BIOMAP (biomimetic metal 

patterning) fabrication method.[19b] Akin to the lotus leaf, this 

introduction of multi-scale roughness should alter the nature of 

liquid contact line hence influence droplet pinning on formed 

surfaces. Herein, we investigate the role of enhanced tuning of 

wetting behavior on textured BIOMAP surfaces. We 

demonstrate the role of particle size, reaction rates, and particle 

bed organization on generated features and associated wetting 

characteristics of formed surfaces.  

 

Figure 1. Schematic illustration and result summary of forming organometallic adducts by dimensionally confined polymerization. a) Polymerization of 

undercooled liquid Field’s metal particles (HetMet reaction) in spacious synthesizing condition (e.g. solution). (b) Relation between metal ion concentration with 

product generating distance of HetMet reaction. (c) Formation of organometallic beams in the liquid phase. (d) Scheme of confining HetMet reaction in the pores 

of particle assembly. (e) Steep accumulation of metal ions resulting in rapid polymerization on particle surface. (f) Cartoon of surface adducts formation upon 

particle bed. (g) Scanning Electron Microscope (SEM) image of flat undercooled liquid Field’s metal particle bed. (h) Organometallic adducts formation on surface 

of flat particle bed after treatment with 50% v/v acetic acid in ethanol solution. i) SEM image of textured undercooled liquid Field’s metal particles with rose 

structure from BIOMAP process. Inset shows analogous patterns on a fresh rose petal. (j) Flower-like adducts formation on surface of textured particle bed after 

treatment with 50% v/v acetic acid in ethanol solution. Inset shows multi-scale roughness on a fresh lotus. 
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Results and Discussion 

First, we investigate the effect of concentration of the conjugate 

acid-base pair on features formed on a flat particle bed. 

Undercooled Field’s metal (51% In, 32.5% Bi and 16.5% Sn 

w/w) core-shells particles were synthesized via the SLICE 

(Shearing Liquids Into Complex Particles) method.[25] Particles of 

different size distributions were prepared by varying shear speed 

(Figure S1a-e).[21] For particle-1, with average diameter, d, =4.02 

± 2.22 µm (Figure S1a), 25% acetic acid in ethanol solution (v/v, 

25-AcOH/EtOH) induced surface etching and precipitation as 

shown by contrast between carbon-rich (darker) regions on SEM 

images (Figure 2aii). For clarity, the insert (Figure 2aii) shows a 

composite image of particle surfaces that have been exposed 

(yellow) and not exposed (blue) to the etchant. Contrast in 

surface morphologies between etched particle (rough, “Moon”-

like) and an analogous pristine particle (smooth, “Uranus”-like) 

clearly illustrates deposition on the former.  

Figure 2. Effect of acidic solution concentration and particle size on surface precipitated organometallic structures formed on a flat layer of undercooled liquid 

Field’s metal particles. Insets are false-coloured images of the dominant repeating feature on the surface. Data from similar particles sizes are presented in rows 

while those from same treatment are presented in columns. ai) Untreated flat particle-1bed and after 25% (aii), 50% (aiii), 75% (aiv), volume ratio acetic acid in 

ethanol solution (labelled 25-AcOH/EtOH, 50-AcOH/EtOH 75-AcOH/EtOH, respectively). Similarly treated particle-2 (bi-iv), particle-3 (ci-iv) and particle-4 (di-iv) e-h) 

Histograms of particle size distribution of the top layer on flat beds of particles 1-4. i) Summary of diameter, skewness, and polydispersity of particle size 

distribution of the top layer particles captured in histograms given in e-h. j) Inverse correlation of packing factor and porosity of flat particle beds. 
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Increasing the etchant concentration to 50% AcOH/EtOH 

generated exquisite surface-deposited organometallic polymer 

features (“polymer flower”) on the metal particles (Figure 2a iii), 

composed of homogeneously distributed In, Sn, Bi as well as 

carbon and oxygen (Figure S2e). Increasing acid concentration 

(75% v/v) enhanced growth and self-assembly leading to 

features with lower aspect ratio ‘petals’ (Figure 2a iv). We inferred 

that increase in concentration of etched metal adducts 

(organometallic monomers) favors rapid polymerization and 

accelerated self-assembly of the partially miscible adducts 

leading to a decrease in the aspect ratio. Given that capillary 

flow (Equation 1) and Washburn penetrativity, (  

where  (mPa*s) is viscosity of penetrating liquid)[26] can be 

tuned via particle bed densification,[21] we inferred that changing 

the particle size will affect densification hence alter the kinetics 

of the HetMet reaction and associated self-assembly.  

      (1) 

Where h (m) is the equilibrium liquid height, (mN/m) and  (˚) 

are liquid surface tension and its contact angle with channel wall, 

ρ is mass density (mg/m3), g is acceleration due to gravity (m/s2) 

and r0 (m) is channel radius.[27] To test this hypothesis, flat beds 

composed of particles with a variety of size distributions (particle 

1-4, Figure S1a-S1d, Table S1) were treated with 25%, 50% and 

75% v/v AcOH/EtOH.  

For particles with average size of 1.93 ± 1.13 µm (particle-2, 

Figure 2bi), no appreciable precipitation occurred after 25% acid 

treatment. Capillary force generated during solvent evaporation, 

however, led to a more densely packed particle bed as captured 

by decrease in surface pores (Figure 2bii). Increasing acid 

concentration to 50% and 75% v/v generated flower-like features 

analogous to those observed with particle-1 (Figure 2biii and 2biv 

respectively). On further particle size reduction to 1.12 ± 0.81 

µm (Particle-3, Figure 2ci), a small but continuous 

organometallic polymer layer was observed to be covering the 

assembly after 50%-AcOH/EtOH treatment (Figure 2ciii). In 

contrast, and as expected, a preserved smooth surface is 

obtained after 25%-AcOH/EtOH treatment (Figure 2cii). Raising 

acid concentration to 75% v/v generated flowers with even high 

aspect ratio ‘petals’ (Figure 2civ). Further decreasing the particle 

size to 0.75 ± 0.46 µm, however, prohibited the formation of 

flowers even when treated with 75% AcOH/EtOH solution 

(Figure 2di-div). We infer that this is likely due to reduced 

penetrativity hence poor bathing of the particles with the etchant, 

leading to significantly reduced etching hence reduced growth of 

surface precipitates. These results indicate a physical-chemical 

structural control of a surface reaction and self-assembly of 

resulting adducts. 

To understand the effect of top-layer particle packing on adduct 

formation, particles sizes from flat-particle-bed SEM images 

were collected (Figure 2ai, 2bi, 2ci and 2di). Smaller average 

diameters of particles on top layer of assemblies compared to 

particles in as-prepared solution are due to self-filtration during 

the assembly formation (Figure S1f).[28] This self-filtration is 

clearly captured in the insets of figure 2di-iv. Top layer of flat beds 

from particle-1 and-2 showed a normal distribution in particle 

diameter (Figure 1e,f) indicating a stochastic distribution, but the 

smaller ones, particle-3 and -4, were better fitted to a lognormal 

function in part due to significant positive skew in the 

distributions (Figure 1g,h). This positive skew in size distribution, 

can affect packing and densification (Figure 2i, also see SI). [28] 

This inference is informed by the fact that, for hard spherical 

granular matter, the packing factor,  

(where polydispersity, S=skewness in particle size 

distribution, c1=0.0658 and c2=0.0857).[29] The packing factor 

(densification) relates to porosity (1- Φ), hence we anticipate that 

a large skew and associated large polydispersity will lead to 

significant densification and much reduced porosity. Given that 

ULMCS particles are soft (non-Hertzian) and likely to be 

deformed to elliptical-like shapes under capillary pressure, a 

much higher densification is expected.[21] 

Figure 2j shows an increase in packing factor, Φ, and 

concomitantly decreasing porosity, with decrease in particle size 

and increase in skewness. From Jurin’s law (equation 1) we 

infer that engineering densification, hence porosity, affects inter-

particle distances and available void space (dimensions of fluid 

channels) which leads to rapid filling of the channel (low r) albeit 

with a small amount of the reactant solution. The more 

distributed a small amount of the fluid is, the lower the local 

concentration of the requisite organometallic synthons hence 

poor self-assembly. It is therefore expected that precipitated 

adducts will decrease with increase in penetration depth which 

correlates with enhanced densification as shown in Figure 2. 

This implies that a combination of particle packing and resulting 

capillary effects can be used to tune the rate of the HetMet 

reaction. Besides the distribution of the acid-base pair solution, 

and local concentration, smaller particles have higher curvature 

hence high strain and associated Laplace pressure (P). The 

increased surface stress may increase reactivity of the surface 

oxide, but this enhanced reactivity (stress relaxation) is 

frustrated by concentration of the requisite acetate conjugate 

acid-base pair.  

A key tenet of the recently reported BIOMAP metal-based soft 

lithography with undercooled metal particles,[19b] is concomitant 

phase change. We observed the characteristic spinodal 

decomposition from partially polymerized ULMCS (Figure 

S2a,b),[30] and anticipated significant changes in conductivity 

upon solidification and sintering since interparticle space in non-

connected particle is dominated by organic surface ligands. 

Metallic connectivity will show Ohmic conductivity (linear I-V 

curve), while presence of organic adducts (such as polymeric 

flower) introduces tunneling components (sigmoidal I-V curve) or 

non-Ohmic charge carriers in otherwise highly conductive 

system. We therefore anticipate two major changes in charge 

transport, viz; i) a change from a sigmoidal to linear I-V curve, 

and ii) increased resistivity as we move from wide non-Hertzian 

contacts in liquid particles to sintered solid metal, albeit thin 

(necks), connectivity. Obtained I-V curves of the particle beds 

before and after acid treatment, as expected, show a change in 

the shape of the I-V curve and about five orders of magnitude 

increase (~3 µA to 100 mA) in conductivity (Figure S2c,d). We 

can therefore infer that, as previously observed,[19a, 21] the 

resulting surface structures are formed on solid metal surfaces 

although built on the liquid nature of ULMCS particles. 

Having shown the dependency of generated features on the 

surface area in contact with the reactants, we desired to 

enhance the contact by creating a particle bed that enhances 

accessible contact area with the reactant solution. The recently 

reported rose-flower templated surface offer such a system.[19b] 

For brevity and clarity, we compare textured surfaces derived 

from the largest (particle 1) and smallest (particle 4) particles. 

For particle-1 (average diameter = 4.02 µm), higher structural 

10.1002/anie.202101795

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



RESEARCH ARTICLE    

5 

 

porosity due to large particle size induced in-situ polymerization 

during the BIOMAP process (Figure 3a). Geometric confinement 

in the PDMS mold used to create the patterns implied that 

features formed during the BIOMAP process were poorly 

ordered (Figure 3a, see inset for zoom in). We observe fine hair-

like nanofeatures on the surface of these particles, indicating 

limited growth of the organometallic adducts. A 25% 

AcOH/EtOH treatment produced needle-shaped surface 

structures (Figure 3b) unlike in analogous non-patterned particle 

bed (Figure 2aii). Increasing acid concentration led to increased 

growth of these features (Figure 3b-d) without change in 

morphology as previously observed (Figure 2). For particle-4 

(average diameter = 0.75 µm), BIOMAP, as expected, led to a 

metal rose structure without texturing, in part due to reduced 

penetrativity and high densification (Figure 3e). A 

25%AcOH/EtOH solution treatment induced growth and surface 

self-assembly, creating a composite mixture of “flower-like” 

(composed of small sheet-like features), “ grass-like” 

(composed of small wire/beam-like features) polymers on the 

structured particle surface (Figure 3f). Increasing acid 

concentration to 50% AcOH/EtOH led to domination by the 

flower-like features (Figure 3g) analogous to those observed 

with flat particle beds (Figure 2biii/civ) albeit with slight 

differences in dimensions. Further increase in acid concentration 

to 75% AcOH/EtOH, however, led to disordered surface 

deposition with concomitant loss in the rose petal-like topology 

(Figure 3h). We infer that the higher surface area and high acid 

concentration led to over etching of the material resulting in 

stochastic precipitation of the large quantities of the 

organometallic adducts. We infer that a balance between 

surface area, particle packing/densification, and acid 

concentration (here 50% AcOH/EtOH for particle-4) is needed 

for controlled composition, etching, in-situ polymerization of 

organometallic adducts, and surface self-assembly into a new 

ordered texture (Figure S3). 

Figure 3. Effect of acidic concentration and particle size on organometallic structure formation on textured undercooled liquid Field’s metal particles (metal rose). 

a) In-situ polymerization during the fabrication of textured particle-1 bed. b) Effect of 25% v/v acetic acid in ethanol solution (25-AcOH/EtOH) on textured particle-1 

bed. c) 50% v/v AcOH/EtOH (50-AcOH/EtOH) acidic solution treated textured particle-1 bed. d) 75% v/v-AcOH/EtOH (75-AcOH/EtOH) acidic solution treated 

textured particle-1 bed. e-h) Untreated, 25%, 50%, or 75%-AcOH/EtOH acidic solution treated textured particle-4 bed. 

Apart from direct microscopy imaging of polymeric adducts, 

contactless profilometer was applied to capture changes in 

surface profiles of metallic rose-like features from particle-4 

(Figure 4a, from sample in Figure 3e) and composite textured 

features created from particle-1 (Figure 4b, for Sample in Figure 

3a). Figure 4b showed significantly large asperities (length along 

z-axis), which we infer to be due to surface deposition of the 

organometallic polymer adducts. 

To evaluate the effect of the generated surface texturing on 

surface properties, hydrophobicity was investigated using a 

goniometer equiped with a tilting base and a medium speed (35 

flames/s) camera. Wetting behavior were compared to those of 

the rose petal and the lotus leaf (16 day old leaf – see Figure 

S4) to differentiate droplet adhesion (petal effect) or lack thereof 

(lotus effect). Compared to clean metallic replica of the rose 

petal pattern (Figure 3e, contact angle 129.8 ± 5.5°), in situ 

textured assembly of particle-1 (composite lotus, Figure 3a) 

gave a contact angle,  = 143.2 ± 5.4°. This is a significant 

increase in non-wetting properties ( = 13.4°) approaching the 

super-hydrophobic regime (Figure 4c). With such high contact 

angles, we evaluated stickiness of water droplets by placing a 

droplet on 30° (Figure 4d) and 60° (Figure 4e) tilted surface. We 

observe that unlike in the rose-replica, the droplets roll off the 

tilted composite surface indicating a Lotus effect compared to 

the pinning (Petal effect) observed with the metallic rose pattern 

replica (see supporting video 1).[19b] These results confirms that 

even tigher dimensional confinement during the organometallic 

polymerization, herein enhanced by the PDMS mold, is a 

feasible approach to create highly hydrophobic surfaces. Further 

grafting organometallic adducts on the surface of the composite 

surface (treated composite lotus-like), however, leads to loss ( 

= 25.9°) in hydrophobicity (Figure 3e) likely due to loss of the 

hair-like surface features and likely loss of hierarchical multi-

scale texture. An analogous observation was made with the pre-
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organized powder derived from smaller particles (particle-4, 

Figure 3e vs 3g) where a decrease in hydrophobicity ( = 

27.7°) was observed with texturing. We infer that precise 

multiscale morphology control of surface deposited 

organometallic polymeric feature is critical in achieving desired 

wetting properties.  

Figure 4. Lotus effect on composite lotus from a metal rose base. a) Surface 

profile of metal rose like patterns derived from particle 4. b) Surface profile of 

composite lotus leaf like patterns from particle -1. c) Contact angle of fresh 

lotus leaf, untreated metallic composite lotus leaf analogy and 50-AcOH/EtOH 

treated textured bed (treated composite lotus) of particle-1 as well as fresh 

rose petal, untreated (metal rose) and 50-AcOH/EtOH treated textured bed 

(treated metal rose) of particle-1. Water droplets rolling off the composite lotus 

surface when tilted 30 (d) or 60 degrees (e). 

Conclusion 

In conclusion, we demonstrated dimensional confined in-situ 

organometallic polymerization of adducts derived from 

undercooled liquid metal particles to form tuneable surface fine 

structures. Concomitant sintering and solidification of the metal 

particle bed leads to a textured solid metal surface irrespective 

of the particle assembly geometry. This texture tuning approach 

is therefore applicable to both flat or textured undercooled 

metals assemblies, upon which various surface features could 

be generated with change in wetting (and tribological) properties. 

Felicitous choice of particle size, hence densification, affects 

fluid flow rates and penetrativity. Denser packing of the particles, 

therefore, results in decreased metal-organic monomer 

concentration thus favors high aspect ratio polymeric features. 

By demonstrating wetting states from Wenzel (petal effect) to 

Cassie (lotus effect), we infer that the reported approach is 

amenable to surface property tuning.  
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By restricting polymerization in native pores of pre-packed undercooled particles, organometallic adducts were generated 

autonomously on either flat- or pre-textured particle beds. These adducts with fine structures successfully turned Wenzel wetting 

state of metal rose into Cassie state of composite lotus.  
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