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Abstract

Eutectic gallium indium (EGaIn), a Ga-based liquid metal alloy holds great promise for designing 

next generation core-shell nanoparticles (CSNs). A shearing assisted ligand-stabilization method 

has shown promise as a synthetic method for these CSNs; however, determining the role of the 

ligand on stabilization demands an understanding of the surface chemistry of the ligand-

nanoparticle interface. EGaIn CSNs have been created functionalized with aliphatic carboxylates 

of different chain length allowing a fundamental investigation on ligand stabilization of EGaIn 

CSNs. Raman and diffuse reflectance Fourier transform spectroscopies (DRIFTS) confirm 

reaction of the ligand with the oxide shell of the EGaIn nanoparticles. Changing the length of the 

alkyl chain in the aliphatic carboxylates (C2-C18) may influence the size and structural stability of 

EGaIn CSNs, which is easily monitored using atomic force microscopy (AFM). No matter how 

large the carboxylate ligand, there is no obvious effect on the size of the EGaIn CSNs, except the 

particle size got more uniform when coated with longer chain carboxylates. The AFM force 

distance (F-D) measurements are used to measure the stiffness of the carboxylate coated EGaIn 

CSN. In corroboration with DRIFTS analysis, the stiffness studies show that the alkyl chains 

undergo conformational changes upon compression.
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1. Introduction

Room-temperature liquid metals offer an intriguing platform for developing functional 

nanocomposite materials which have a variety of engineering applications, including flexible 

bionic nanorobots,[1,2] flexible electronics,[3–7] 3D metal printing,[8,9] microfluidic channels,
[10,11] and implantable medical devices.[12–16] Ga-based liquid eutectic alloys such as 

eutectic gallium indium (EGaIn, Gallium 75 wt% and Indium 25 wt%) have attracted great 

attention due to their interesting surface and bulk properties such as shape transformability, 

flexible and stretchable mechanical properties, excellent electrical and thermal 

conductivities, biocompatibility, facile functionalization accessibility, catalytic properties, 

and self-healing capability.[17,18] Microparticles formed from EGaIn have attracted 

significant attention for soft electronics.[1,2] The surface of EGaIn nanoparticles is easily 

oxidized in the presence of oxygen, forming an amorphous self-passivating gallium oxide 

(Ga2O3) layer that imparts mechanical stability to the resulting nanoparticles.[19,20] A few 

studies suggest that tethering organic ligands to the oxide surface of EGaIn particles may 

stabilize them by inhibiting particle growth, preventing particle aggregation and coagulation; 

however, the resulting ligand coated particles have irregular distributions of size and shape.
[21] To date, most of the work published about EGaIn particles focuses on synthetic 

strategies for stabilizing CSNs[13,22–28] or analyzing them in different reaction media.[21] 

For example, Hohman et al. developed a procedure directed by molecular self-assembly 

where EGaIn CSNs were created using ultrasonication in the presence of an ethanolic 

solution of alkyl thiolates as stabilizers.[22] The authors demonstrated that chemisorption of 

sulfur atoms with gallium or indium atoms on the surface stabilized EGaIn CSNs, resulting 

in perfect spheres with a liquid core. Tevis et al. fabricated core-shell EGaIn microparticles 

in acetic acid using a simple approach of shearing liquids into complex particles (SLICE).
[23] The dispersed EGaIn particles were stabilized by acetate monolayers via in situ 
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oxidation and self-assembly on the oxide surface. However, such investigations encounter 

inherent difficulties when trying to characterize these core-shell particles effectively, 

resulting in an often incomplete understanding of the surface coating. A significant missing 

piece of the puzzle is an absence of strategies to characterize surface ligands in such a way 

as to understand the influence they have on the formation of well dispersed nanoparticles 

with a uniform morphology. Therefore, to understand the colloidal stability of these 

nanoparticles, it is necessary to develop more precise and credible protocols to gather 

knowledge about their surface chemistry. It is a fascinating challenge and becomes the focus 

of ongoing efforts because so little information is reported on the efficacy of ligand induced 

stabilization of core-shell liquid metal nanoparticles. Recently, Finkenauer et al. evaluated 

the role of functional group as well as chain length of nonpolar groups of ligands on the size 

and yield of EGaIn CSNs by ultrasonication.[21] The authors tested aliphatic ligand systems 

with long alkyl chain bearing functional group of thiols, carboxylates and amines. They 

noted that the yield of EGaIn CSNs formation increased by increasing the number of carbon 

atoms in the aliphatic chain of alkyl thiolates. Taking the conclusions of these previous 

studies, it is noted that ligand compositions play a fundamental role on EGaIn CSNs 

stabilization and uniformity. However, determining the efficacy of ligand stabilization based 

on particle size alone is insufficient. Understanding the role of ligand composition on 

mechanical properties of EGaIn CSNs also needs to be considered since ligands may also 

provide mechanical stability. Therefore, more research is needed to understand the effect of 

alkyl chain length on the mechanical properties of EGaIn CSNs.

In our previous work, it was observed that the mechanical strength of the oxide shell of 

acetate coated EGaIn microparticles was enhanced as the temperature of the microparticle 

was increased from ambient to higher temperatures.[29] It was determined that the oxide film 

thickness increases as a function of temperature which also changes the surface coating from 

flexible at room temperature to much stiffer after heat treatments. These observations have 

led to an examination of ligand composition as a way to tune the mechanical properties of 

EGaIn CSNs. The present study aims to develop a systematic evaluation exploring ligand 

effects on morphological changes and mechanical behaviors of carboxylate coated EGaIn 

CSNs by tuning the ligand composition with increasingly nonpolar (aliphatic) groups.

Here, a detailed characterization of EGaIn CSNs coated with straight chain saturated 

carboxylates is described. First, EGaIn CSNs are fabricated with aliphatic carboxylic acids 

of different alkyl chain length using the SLICE[23] method under ambient conditions. 

Aliphatic carboxylic acids were considered for this study because of their high affinity 

towards the robust gallium oxide surface.[21] Still, the nature of how the ligand molucules 

bind to the gallium oxide surface of EGaIn nanoparticles is an unresolved question. Raman 

and IR spectroscopy are used to determine if the thin oxide layer of the particles is 

functionalized with chemisorbed carboxylate groups. Second, the role of alkyl chain length 

of carboxylates on stabilizing EGaIn CSNs is evaluated. AFM is used to determine the size 

distribution of the EGaIn nanoparticles, quantitatively, as a function of the length of the alkyl 

chain. Lastly, changes in the nanomechanical properties of the functionalized oxide shell is 

analyzed using AFM force spectroscopy as a function of the alkyl chain length. This 

fundamental investigation will assist in the understanding of the particle-ligand interface, 
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which will be beneficial for tuning the shape and size as well as mechanical stability of 

EGaIn CSNs.

2. Results and Discussion

2.1 EGaIn nanoparticle formation

Using the SLICE[23] approach, EGaIn CSNs were synthesized in ethanolic solutions of a 

selection of straight chain saturated carboxylic acids as tabulated in Table-1. The shearing 

process breaks up the bulk EGaIn liquid into small nanoparticles concurrent with surface 

oxidation and ligand self-assembly on the oxide surface. Carboxylic acids react with the 

gallium oxide creating chemisorbed carboxylate molecules which form an outer organic 

shell on the liquid metal nanoparticles.[23]

2.2 Bonding behaviour of ligands on EGaIn CSNs

2.2.1. Characterization by Raman spectroscopy—Surface characterization using 

Raman spectroscopy on EGaIn CSNs fabricated with carboxylic acids under ambient 

conditions confirms the attachment of carboxylic acid to the gallium oxide layer on the 

surface of the EGaIn particles. Figure 1 shows the Raman signal of pure stearic acid and 

stearic acid bound to EGaIn CSNs. Spectral assignments are made in accordance with the 

literature.[30–32] Raman spectra of pure stearic acid shows narrow sharp peaks at 860 cm−1, 

1029 cm−1, 1095 cm−1, 1262 cm−1 and 1404 cm−1. The peaks at 1029 cm−1 and 1095 cm−1 

can be assigned to C-C stretching in a hydrocarbon chain and the 1262 cm−1 to a CH2 twist. 

The region between 1500–1400 cm−1 is a group of bands assigned to CH2 bending. Raman 

bands observed around 2846 and 2890 cm−1 were assigned to the symmetric (νs) and 

asymmetric (νas) stretching vibrations of the CH2 groups of the alkyl chain, respectively. 

The carbonyl peak expected around 1700 cm−1, is absent due to the long alkyl chain which 

makes the C=O bond less polarizable.

The Raman spectrum of coated EGaIn CSNs created in stearic acid is distinctive from its 

corresponding pure fatty acid, as shown in Figure 1. The asymmetric and symmetric 

carboxylate stretching modes are found at 1594 cm−1 and 1324 cm−1. In addition, in the 

region between 1500 and 1400 cm−1, there is a group of bands can be associated with the 

CH2 bends. A broad absorption centred around 700 cm−1 is characteristic of all dispersed 

EGaIn CSNs and is most likely due to the Ga-O vibrations of the shell[31,33,34] (see Figure 

S1 in the supporting information for Raman spectra of all the acid coated EGaIn CSNs). The 

appearance of the symmetric and asymmetric carboxylate stretches in the Raman of the 

coated particles confirms that the acid has indeed reacted with the gallium oxide layer on the 

surface creating a stearate coated EGaIn CSNs.[35–37]

2.2.2. Characterization by DRIFT spectroscopy—Diffuse Reflectance Infrared 

Fourier Transform Spectroscopy (DRIFTS) was used to investigate the bonding behavior 

between the carboxylates and EGaIn CSNs. The IR spectra of pure stearic acid and stearic 

acid coated EGaIn CSNs between 3000 and 800 cm−1 are presented in Figure 2. The IR 

spectra of all the acids coated EGaIn CSNs can be found in Figure S2 in the supporting 

information. As is well known,[31,38,39] there are eight bands between about 1320 and 1180 
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cm−1 region which are due to CH2 wagging modes coupled with the carboxyl vibration. The 

appearance of the bands for stearic acid coated EGaIn CSNs attributed to the COO– 

asymmetric and symmetric stretch in the red spectrum at 1580 and 1384 cm−1, respectively, 

indicates that the stearic acid has reacted with the oxide resulting in the formation of gallium 

carboxylate on the surface of the nanoparticle.

It is interesting to note that, the COO– asymmetric stretch consists of a doublet around 1580 

and 1550 cm−1. Moreover, the formation of a carboxylate is marked by the dramatically 

weakening of C=O around 1700 cm−1 and -OH bend (out of plane) around 950 cm−1. For 

metal-oxide nanoparticles, ligand molecules normally coordinate to the metal ions by a 

chelating or bridging bidentate bonding and this coordination structure can be determined by 

the wavenumber separation between the asymmetric and symmetric band in the spectrum. 

The chelating bidentate bonding has wavenumber separation <110 cm−1 and that of bridging 

bidentate structure is 140–190 cm−1.[40] The wavenumber separation for stearic acid coated 

EGaIn CSNs is about 196 cm−1 suggesting that the carboxylate forms bidentate bridging 

bond with the gallium atoms. In general, it can be seen that all the acids were found to form 

carboxylate films that are conformationally unstable or defective in some manner on the 

EGaIn CSNs.

2.3 Topographical analysis

Tapping mode AFM was used to collect topographical images of the coated EGaIn CSNs. 

Multiple areas on each sample were investigated and about 15–30 images were collected for 

each sample. The areas to be scanned were chosen based on the appearance of clear 

morphological data. AFM images of all the different carboxylate coated EGaIn CSNs are 

shown in Figure 3, where individual EGaIn CSNs (yellow spheres) appear on a flat mica 

surface (orange background). Additionally, there are some small particles or other 

contaminants that can be seen within the background, but the large yellow spheres represent 

the coated EGaIn CSNs. The images shown in Figure 3 were chosen based on the number of 

nanoparticles on each image and do not reflect a size comparison of the nanoparticles which 

will be discussed in detail later. The images show spherical or mostly spherical particles 

with a smooth surface texture. Visually, there does not seem to be any significant difference 

in the morphology of the nanoparticles due to the alkyl chain length (C0 - C18) of the 

carboxylate ligands.

Each individual AFM image in Figure 3 shows a collection of nanoparticles, mostly <100 

nm in size; however, to get a true measure of their sizes further analysis must be performed. 

The diameters of EGaIn CSNs were measured in the AFM images using sectional analysis. 

Since the particles are spherical, the peak height corresponds to the diameter of the particle. 

For each sample, a minimum of 200 height measurements were performed to determine the 

particle size distribution, the average and average deviation are reported as average ± 

average deviation in Figure 4. Example histograms for acetate (C2) and stearate (C18) 

coated EGaIn CSNs are shown in Figure 4(a, b) and histograms for all other measured CSNs 

are shown in Figure S3. All sizes were measured on individual particles only. AFM was 

chosen over traditional analytical techniques such as dynamic light scattering (DLS) for size 

measurements because some studies have concluded that AFM is more accurate in 
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determining size distribution for polydisperse samples.[41–43] The average diameter for 

EGaIn CSNs coated with acetate, the shortest chain carboxylic acid used to react with the 

surface, was determined to be 44 ± 19 nm. The averaged diameter of the particles was found 

21 ± 3 nm for stearate coated EGaIn CSNs, the longest chain carboxylate considered in the 

study. The size distribution results for all carboxylate coated EGaIn results are summarized 

more quantitatively in Figure 4(c, d). From Figure 4a it can be seen that for EGaIn CSNs 

created in acetic acid, a larger average diameter was observed with a wide size distribution 

from 5 to 65 nm. The double peak on C2 suggests both small and large particles were 

formed. The bimodal size distribution is indicative of coalescence. For C18 one peak 

suggests that the sample was monodispersed due to the increased interfacial colloidal 

stability created by the longer carboxylate chain. Interestingly, figure 4c clearly shows that 

octanoic acid (C8) creates the smallest sized nanoparticles. DLS measurements, shown in 

Table S4, suggest that it is a less suitable technique for these nanoparticles since the 

presence of a small fraction of larger size particles scatter more light than the small 

nanoparticles that dominate the sample by number concentration as AFM data suggests.

For EGaIn CSNs, ligand adsorption to the gallium oxide thin outer shell is dictated by the 

reaction with -COOH, resulting in the formation of a surface carboxylate. The EGaIn CSNs 

synthesized without any carboxylate coating has an average diameter of 32 ± 21 nm, 

showing the broad size distribution of the sample. Figure 4c indicates that the particle size 

does not overly depend on the alkyl chain length or the structure of the carboxylate, with a 

minimum particle size for C8-EGaIn CSNs. However, changes in alkyl chain conformation 

may influence the colloidal stability of these nanoparticles. Previous studies have shown that 

alkanethiol monolayers on gold substrate of 16 carbons or greater exhibit more order in an 

all trans configuration whereas those with carbon 8 or lesser show disorder because of more 

gauche defects.[44,45] Possibly EGaIn CSNs coated with shorter chains exhibit a relatively 

disordered structure with a large number of gauche defects and are most likely oriented 

randomly on the surface, thus resulting in surface variability in the particles which is 

observed as a broad size distribution. With an increase in the alkyl chain to C18, chain 

disorder is decreased leading to chains oriented in a more orderly fashion with some tilt and 

a few gauche defects which will be expanded upon later. This could result in more densely 

packed carboxylates on the surface of EGaIn CSNs through hydrocarbon-hydrocarbon 

interactions and stabilizing Van der Waals forces exerted by the surrounding hydrocarbon 

chains,[46,47] thus controlling the size distribution more effectively. However, on gold 

nanoparticles it was determined that when the diameter is less than 20 times the length of the 

ligand in its extended conformation, the particle curvature can affect the ligand layer 

thickness.[48] Therefore, even if the intermolecular van der Waals interactions between the 

carboxylates drive the C18 coated nanoparticles to be densely packed and well-ordered, it is 

likely that the long chain carboxylates will have a higher tilt angle due to nanoparticle 

curvature, and the total shell thickness will be less than the length of the fully extended 

ligand.[49] In general, the data indicates that significant changes in nanoparticles size 

distribution occur for C8 and C18 carboxylates creating CSNs with a narrow size 

distribution. For all of the carboxylate coated EGaIn CSNs, there is a fairly narrow span of 

particle size, ranging from 13–33 nm in diameter for a carboxylate chain of 4 carbons or 

larger, with no clear trend resulting from the length of the chain; however, size distribution 
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of the nanoparticles becomes narrower due to interfacial stabilization in the longest alkyl 

chain, C18.

2.3 AFM force curve analysis

Force distance (F-D) curves measure the deflection of the AFM cantilever as a function of 

distance as it interacts with a surface, providing information about surface mechanical 

parameters such as adhesion, stiffness, hardness, and shell thickness.[42,50] To better 

understand the nature of the ligand modified oxide shell on the EGaIn CSNs, F-D curves 

were used to investigate mechanical properties of EGaIn CSNs coated with carboxylates 

containing varying lengths of alkyl chains. Figure 5a shows a sample F-D curve for the 

EGaIn CSNs coated with acetate which measures the force on the cantilever as a function of 

distances from the EGaIn CSNs surface. In F-D curves, a positive force shows that the 

EGaIn CSN is pushing against the tip (repulsive forces), and a negative force indicates the 

EGaIn CSN is pulling the tip (attractive forces) and is thus a measure of the intermolecular 

forces between the tip and the substrate. Upon approach (in black), zero force was acting 

between the sample and the tip until, at a separation of ~0.17 μm, the tip jumps onto the 

sample surface (this is the jump to contact point) followed by repulsion as the tip 

compresses the sample. Upon retraction (in red), the tip is being pulled off the sample 

surface and a stretched pull-off force (adhesion force) is detected at separation distances 

between 0.12–0.3 μm. Force distance curves for EGaIn CSNs coated with all the different 

lengths of carboxylates are shown in Figure S6.

While approaching (the black curve in Figure 5a), the tip is not in contact with the C2 coated 

EGaIn CSNs between the distance 0.2–0.4 μm. But after reaching the contact point at ~0.18 

μm, the tip begins to compress the carboxylate shell. At ~0.17 μm, there is a sudden 

penetration of this layer (marked by the arrow in Figure 5a) and the tip is in contact with the 

inner liquid core of the particle indicated by the negative dip the line. As the tip pushes more 

into the liquid core, no further penetration is observed finally reaching a distance of 0 μm 

when the tip is in contact with the hard silicon surface. During retraction (red line in Figure 

5a), the pull off region (at 0.12–0.3 μm separation) is different due to the liquid and adhesion 

of the oxide shell/liquid core of the EGaIn CSN that holds the tip. Further separation of the 

tip and sample stretches the liquid until it breaks apart. The nonlinearity in the contact 

regime of the approach is caused by flexibility of the viscoelastic shell. Figure 5b shows the 

approach curves for 3 different EGaIn CSNs coated with C2, C8, and C18 carboxylates. 

Interestingly, the sudden penetration observed in C2 CSNs is not seen in C8 or C18 CSNs or 

any other ones (see Figure S6).

When the chain length of the coated carboxylate is increased, the slope of the F-D curves 

also changes, which provides information about the effect of the chain length of the aliphatic 

group on the mechanical properties of the EGaIn CSNs. Particle shell stiffness is a measure 

of the stability of the shell. It can be calculated from the slope of the repulsive contact region 

of the approach curve defined by

k = f
δ (1)
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where k is the stiffness of the shell, f is the force, and δ is the tip-sample separation of the 

AFM.[14] The approach curves are used for stiffness calculation as the AFM tip pushes on 

the sample upon approach and deflects depending on the stiffness of the sample surface. For 

each type of EGaIn CSN, 15 different approach curves from 15 individual particles were 

used to calculate the average shell stiffness (see Figure S5 for an example). The average 

shell stiffness of all EGaIn CSNs coated with different chain length carboxylates are plotted 

as a function of length and tabulated in Figure 6. The error bars of the averaged values likely 

stem from subtle differences in the EGaIn CSNs size. It is apparent in Figure 5b that there 

are differences in the slopes and jump to contact points as the EGaIn CSNs were coated with 

different chain length carboxylates. The slope of the curve for C8 is little bit steeper than 

that of C2 and C18 resulting in a higher stiffness value.

A plot of average shell stiffness as a function of carboxylate chain length is presented in 

Figure 6a, which shows there is a maximum stiffness with a C8 coating. In order to 

understand this deformation process, it is necessary to understand the structural changes 

occurring to the sample during compression. DRIFTS can be used to investigate the 

conformation of the alkyl chain. Previous studies on 2D-SAMs have shown that the C-H 

stretching region for methylene (-CH2- group) contain valuable information about the 

orientation of the alkyl chains.[51] For example, the position of the symmetric and 

antisymmetric peaks of the methylene stretching vibration with chain length indicate the 

conformational order of the alkyl chains.[51,52] For crystalline, all trans alkyl chains, the 

symmetric and antisymmetric methylene bands appear at 2850 and 2918 cm−1, respectively; 

whereas, for alkyl chains with a liquid-like structure containing gauche defects, these bands 

appear at slightly higher wavenumbers 2855 and 2924 cm-1, respectively.[51–54] Figure 6(c 

& d) present a closer look at the DRIFTS spectra of the C-H stretching modes from 

methylene -CH2- in the region between 2800–3000 cm−1. A comparison of the peak 

positions (figure 6c) reveals that as the length of the alkyl chain decreases, the peaks shift 

towards higher wavenumbers. Until C10, the shifts are +4 and +5 cm−1 for these modes 

indicating a possibly liquid like surface. For C12-C18 the symmetric modes are between 

2849–2852 cm−1, within ±2 cm−1 of the position designated for a crystalline phase. 

However, the asymmetric mode of these alkyl chain has shifted more than +3 from the 

crystalline phase indicating presence of some disorder which is possibly from the end 

gauche defects for the longer chain (except for C14). This behavior had been reported 

previously for C18/Au colloids where the alkyl chains are in coexistence with extended all-
trans chains and a smaller population of liquid-like disordered chains at room temperature.
[55,56] Therefore, C12 -C18 alkyl chains are not completely all trans rather is a combination 

of all trans with higher number of end gauche defects. The bands for C4 has a very low 

intensity and it is difficult to assign the peak and C2 doesn’t have any -CH2- groups. From 

the DRIFTS analysis it was determined that CSNs coated with the shorter chain alkyl 

carboxylates (C10 and less) exhibit a more disordered, liquid-like surface, while those 

coated with longer chains (C12 and greater) exhibit a more ordered, crystalline-like surface.

AFM f-d measurements can provide more insights into the conformation of the alkyl chains 

under compression. The stiffness values suggest that the pressure exerted by the AFM tip 

can create distortion to the surface of CSNs coated with the short chain molecules; however, 

on the CSNs coated with longer alkyl chains, the pressure can form more gauche defects at 
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the end of the chain resulting in more disorder.[55] Perhaps increasing the chain length from 

C2 to C8, the force exerted by the tip is not enough to create substantial distortion within the 

chain because of an absence of end gauche defects. Thus, there is a dramatic increase in the 

stiffness of the particle surface leading C8 to a maximum suggesting that the surface 

coatings are more ordered and rigid. However, the sudden decrease in stiffness from C10-

C18 could be due to the substantial distortion of the chains induced by the tip pressure 

because of the already existing higher number of end gauche defects. Therefore, the long 

alkyl chains on the spherical nanoparticles may curl up on the surface resulting in more 

defects which is not seen on a flat gold substrate.[57] Thus, as the AFM tip compresses the 

coated EGaIn CSNs, energy is dissipated by creating more end gauche defects in the longer 

hydrocarbon chains and the overall rigidity of the carboxylate shell is decreased.

3. Conclusion

EGaIn CSNs have been created by functionalizing nanoparticles with aliphatic carboxylates 

of different alkyl chain length and detailed investigations on the stabilization of EGaIn CSNs 

are presented exploring the effect of alkyl chain length. Analysis of AFM topographical 

images of EGaIn CSNs coated with different chain lengths of aliphatic carboxylates, from 

C2 to C18, reveals that the size of EGaIn CSNs are mostly independent of the size of the 

straight chained carboxylate ligand; however, there is a slight decrease in average diameter 

when particles are coated with C8. The propensity of creating more uniform size EGaIn 

CSNs is greater when coated with C18 compared to less than C18 indicates that the structure 

and conformation of the alkyl chain influence the particle uniformity, but further 

investigation is needed for EGaIn CSNs coated with bulky or longer ligand molecules. 

Additionally, analysis of DRIFTS and AFM F-D curves of the EGaIn CSNs reveals the 

effect of orientation of terminal alkyl chain in stiffness of the shell of the EGaIn CSNs. The 

results can be attributed to an increase in order in the monolayers of carboxylate coating the 

surface of the EGaIn CSNs. The calculated stiffness of the carboxylate coated EGaIn CSNs 

reflects three interface regions transitioning from disordered and poorly formed interface 

(C2), to somewhat ordered (C4-C8) and finally to a transition zone (C10-C18) which is in 

coexistence with extended all trans conformation with a higher population of end gauche 
defects resulting into more distortion within the chains under compression. Thus, it has been 

shown that changing the ligand length provides a method to understand the role ligands play 

on the structural stability as well as mechanical properties of liquid metal CSNs. 

Additionally, it has been shown AFM is an effective and powerful tool for providing a total 

picture of the surface properties of these coated EGaIn CSNs. These results are important 

since understanding the chemistry of the ligand-particle interface represents state of the art 

for designing these next generation core-shell liquid metal nanoparticles for use in a 

multitude of applications.

4. Experimental Section

Materials

All chemicals were purchased from Sigma-Aldrich (Allentown, PA, USA) except ethanol 

(190 proof), which was purchased from Pharmaco-Aaper and used as received.
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Synthesis

EGaIn particles were synthesized in carboxylic acids in ethanolic solution using a previously 

reported procedure, the SLICE method, to synthesize core–shell EGaIn particles.23 EGaIn 

(30μL) was added in a flat-top glass vial, which contained acid solution in ethanol (10mL, 

5mM). The EGaIn droplet was then sheared using cross shaped polytetrafluoroethylene 

(PTFE) shearing implement. The supply voltage of the tool was adjusted to 55 V by a 

variable transformer to maintain a fixed rotational speed. Shearing time was 30 min and 

settling time was 2 hours. The larger particles settle to the bottom of the vial and the 

nanoparticles remain dispersed in the supernatant. Afterwards, the supernatant is decanted, 

resuspended in ethanol (50:50), drop cast on the freshly cleaved mica substrate, washed with 

DI water and dried. The sample was then ready for AFM topographical analysis. To get the 

AFM based size distribution of each kind CSNs at least three samples and a total of 200 

particles were analyzed. For the force measurements same procedure was followed except a 

Si wafer was used as substrate. Undoped silicon wafers were cut into squares, sonicated in 

acetone and dried with N2 gas.

Atomic force microscopy (AFM)

AFM measurements were performed with Bruker Innova AFM under ambient conditions. 

All measurements were performed in taping mode. Silicon probes (Bruker) with a spring 

constant of 2.8 Nm−1 were used. The topographical images and force-distance curves were 

recorded at 512 line resolution. The deflection vs. displacement plots were converted into 

force vs. distance plots using the probe signal sensitivity (nm V−1) and spring constant (nN 

nm−1). The images were processed using NanoScope Analysis software (Bruker). The force 

curves were processed using a custom MATLAB procedure.

Raman spectroscopy

Raman measurements were performed with a Bruker SENTERRA confocal Raman 

Microscope in air using a 532 nm laser, 20 mW of laser power and a 9–15 cm−1 resolution. 

The light was focused to a spot size of approximately 2 μm in diameter, using a 50x 

objective and a slit aperture of 50×1000 μm. The xyz movement was controlled accurately 

using a motorized stage. Raman signals for cluster of EGaIn nanoparticles with different 

carboxylates combination were collected at multiple spots using a 10s integration time and 2 

coadditions at each selected spot in order to reduce the signal-to-noise ratio. Spectra were 

collected in the wavenumber range of 45 – 4450 cm−1.

Diffuse reflectance infrared spectroscopy

Infrared spectra (128 scans, 2 cm−1 resolution) were collected using a Nicolet iS 50 FT-IR 

spectrometers (Thermo Fisher Scientific, MCT-High D* detector) equipped with a Praying 

Mantis diffuse reflectance accessory (Harrick Scientific). The Praying Mantis accessory was 

situated inside the sample compartment of the FTIR, which was under constant N2 purge. 

The EGaIn CSNs was drop cast on KBr powder filled sample cup.
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Dynamic Light Scattering

Zetasizer Nano ZS Dynamic Light Scattering Instrument (Malvern Panalytical) was used to 

measure the hydrodynamic diameter and polydispersity index of the EGaIn. The 

measurements reported are an average of three separate readings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Eutectic Gallium Indium (EGaIn)

Eutectic Gallium Indium (EGaIn) liquid metal nanoparticles are created in solutions of n-

alkane fatty acids resulting in core-shell nanoparticles (CSNs) coated in carboxylates of 

varying alkyl chain length. Atomic force microscopy (AFM) and vibrational 

spectroscopies (DRIFTS, Raman) reveal that changing the chain-length of the 

carboxylate ligand has an effect on the size, stability, and robustness of the CSNs.
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Figure 1. 
Raman spectra of pure stearic acid and stearic acid coated EGaIn CSNs.
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Figure 2. 
DRIFTS spectra of pure stearic acid and stearic acid coated EGaIn CSNs.
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Figure 3. 
Topographical images of EGaIn CSNs coated with carboxylic acids with ligand identifier of 

(a) C0 (b) C2 (c) C4 (d) C6 (e) C8 (f) C10 (g) C12 (h) C14 (i) C16 (j) C18 obtained by AFM 

tapping mode. The images are 3D height representative image.
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Figure 4. 
Size distribution of 200 EGaIn CSNs coated with different carboxylic acids (a) C2 (b) C18. 

(c) Average diameter vs. hydrocarbon chain length with the average deviation as error bars. 

(d) Average diameter (nm) of EGaIn CSNs coated with different carboxylic acids.
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Figure 5. 
(a) A typical force-distance curve for EGaIn CSNs coated with acetate. The black curve 

shows the approach of the tip towards the sample and the red curve shows the retraction of 

the tip from the sample surface. The black arrow shows the penetration of the CSN by the 

AFM tip. (b) Approach curves for particles coated with different carboxylic acids of carbon 

number C2, C8 and C18 for stiffness comparison.
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Figure 6. 
(a) Average stiffness vs. hydrocarbon chain length of coated carboxylate with the standard 

deviation as error bars. (b) Average stiffness (N m−1) of EGaIn nanoparticles coated with 

different carboxylates (c) DRIFTS spectra of all the acid coated EGaIn CSNs at C-H 

stretching region (2800 – 3000 cm−1) (d) Peak positions showing C-H stretching modes in 

carboxylate coated EGaIn CSNs
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Table 1.

List of aliphatic carboxylic acids as ligand precursors along with formula and ligand identifiers

Ligand precursors Formula Ligand Identifiers Ligand precursors Formula Ligand Identifiers

Stearic Acid C17H35COOH C18 Octanoic acid C7H15COOH C8

Palmitic Acid C15H31COOH C16 Hexanoic Acid C5H11COOH C6

Myristic Acid C₁3H27COOH C14 Butanoic Acid C3H7COOH C4

Lauric Acid C11H23COOH C12 Acetic Acid CH3COOH C2

Decanoic Acid C9H19COOH C10
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