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Abstract 

Periodic DFT-D calculations are used to decipher the role of intermolecular forces on the stability 

of mixed linear thiol self-assembled monolayers (SAMs) on Au(111) and compared with 

experiment. The interaction energy is rationalized by quantifying its different contributions. The 

inter-chain interaction energy is shown to be in direct relation with the surface reconstruction 

and the formation of adatoms. The stability of the mixed SAM systems is predicted by calculations 

and validated with experiments. In order to describe predictively the segregation of binary thiol 

mixtures adsorption on Au surfaces a segregation descriptor is defined. This procedure is a 

promising step forward in the prediction of segregated SAMs leading to future functional 

nanomaterials, including Janus or patchy nanoparticles for optics, formulation and self-

assembled patterns. 
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Introduction 

Special efforts has been made to form in a controlled manner two-component 

monolayers, as a way toward adjusted surface functionalities for biocompatibility, 

biosensor, or molecular electronics. STM, the most used technique to characterize flat 

mixed SAMs, inferred that phase separation exists[1-3]. The subdomain compositions are 

very dependent on the chain type of each component and on the adsorption conditions 

(variation of temperature and concentration); Bain et al. described the co-adsorption of 

short- and long-chain alkanethiols on gold.[4] They described the formation of 

microscopic subdomains and, for the first time, pointed out the fact that the composition 

of the SAM may not be that in solution,[5, 6] which was also observed in the first 

characterization by DFT calculations of a mixed thiol system on gold surface.[7] Note that 

mixed SAMs, often formed at room temperature, are most of the time, when 

conformational entropy does not dominate[8], not completely at equilibrium; phase 

separated domains appear where each component has the average structure of pure 

SAMs.[9] STM studies showed that phase segregation is strongly facilitated by different 

thiol chain lengths. Nevertheless, at 60 °C, exchanges with the solution were shown to 

favour single phase islands of one thiolate.[6]  

It has been shown recently that the phase separation in certain mixed SAMs can also be 

studied by high resolution X-ray photoemission.[10] 

Drastically different chemical or physical properties as well as directionality within a single 

particle[11], lead to particles with fascinating hierarchical super structures[12] in solution, 

which tackle demanding problems in materials science, biomedicine and in the field of 

highly specific sensors.[13-21] 

The bicomponent organic monolayers can self-assemble into nano-domains on the 

surface of planar substrates, where the two types of complexing agents are chemically 

incompatible. Similar behaviour is observed in nanoparticles, where segregation of ligands 

leads to new arrangements[22]. 

Recently, a great number of groups, worldwide, have been investigating not only the 

changes in the chemical and physical properties through experimental techniques but also 
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using theoretical and computational approaches. Computationally much attention has 

been paid simulating these systems based on both Monte Carlo (MC) and molecular 

dynamics (MD) techniques[23-26]. For instance, Tarazona and coworkers[27] have 

proposed one of the first microscopic models to study the amphiphilic Janus particles from 

a theoretical point of view. But also other theoretical works were undertaken in this field, 

e.g. on interfacial nanoparticle patterning[28], and on the Self-Assembly of a Janus 

Polyoxometalate-Silsesquioxane (POM-POSS) Co-Cluster[29]. 

The organization of thiol chains on surfaces can be rationalized by means of quantum 

chemical calculations. The calculation of the adsorption energy per chain can provide 

information on the stability of the assembly formed, but also describe and quantify the 

physical nature of the interactions at play between the chains and between the chains 

and the surface. The present state-of-the-art calculated adsorption energies can be 

decomposed and analyzed as it has been done before in the case of amino acid monolayer 

assemblies.[30-34] 

It should be noted that the adsorption of thiol molecules cannot be generalized to one 

model, since the polarization of the sulphur atom is very sensible to the thiol chain; at 

least this is what we would like to show in results presented here. This means that the 

adsorption process involving S-H bond breaking[35-38] and or adatom adsorption[39-42] 

is expected to be dependent of the type of thiol. 

In the present paper we present for the first time a study on the rationalization of the mixed 

monolayer assembly pattern formation on the basis of ab initio/DFT-D interaction energies. In 

particular the adsorption energy decomposition is used to investigate the stability of assemblies 

formed by a large series of very different thiols, never been investigated at such a level of 

calculation. This strategy enables studying the segregation, which is quantified and predicted by 

introducing a descriptor based on the thiol/thiol DFT-based interaction energies.  

 

Computational Details 

Calculation level 
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All calculations were performed using the ab initio plane-wave pseudopotential approach 

as implemented in the VASP code[43, 44]. The Perdew-Burke-Ernzerhof (PBE) 

functional[45, 46] was chosen to perform the periodic DFT calculations with an accuracy 

on the overall convergence tested elsewhere[47-52]. The valence electrons were treated 

explicitly and their interactions with the ionic cores are described by the Projector 

Augmented-Wave method (PAW),[44, 53, 54] which allows to use a low energy cut off 

equal to 400 eV for the plane-wave basis. The integration over the Brillouin zone was 

performed on 2 × 5 × 1 k-point mesh. Open shell calculations were performed of the thiol 

radicals. 

In the geometry optimizations at 0 K, the positions of all atoms in the supercell are relaxed 

in the potential energy determined by the full quantum mechanical electronic structure 

until the total energy differences between the loops is less than 10-4 eV. 

In order to account for the dispersion interaction in the SAM system, DFT-D2 approach of 

Grimme[55] and DFT-D3[56] were used, as implemented in VASP, which consists in adding 

a semi-empirical dispersion potential to the conventional Kohn-Sham DFT energy. In the 

original paper of Grimme (D2 correction) only the first two rows of the periodic table of 

elements are included - for gold we used a value of 40.62 J.nm6/mol for the dispersion 

coefficient C6 and of 1.772 Å for the van der Waals radius (R0)[57, 58]. For the D3 

correction the default parameters where used. 

 

Description of the model 

The model used to study the surfaces of the gold nano-particles is approximated to the 

stable densely packed Au(111) surface, which as is shown here is not only a choice based 

on the constraints due to computational power available today but also because the 

Au(111) surface is a widely used model surface studied in surface science and quantum 

chemical calculations. The alkanethiolate SAM structure on Au(111) consists of an ordered 

c(4×2) super lattice containing 4 chains in both gas phase and liquid environments[59, 60]. 

In these lattices, the alkanethiolate molecules are chemisorbed on the Au surface by their 

S-tails forming a thiolate bond, having tilt angles ranging from 20º - 40º with respect to 
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the substrate normal. The chemisorbed alkylthiolate chains adsorb as a c(4×2) pattern 

containing four thiol chains, being a little more stable than the (√3×√3)R30º unit cell 

containing one chain. It is this unit cell which was used in the present study. This supercell 

may contain combinations of differently oriented chains, making patterns all within a few 

kJ/mol.[38, 61] However, most of them were derived for short chain thiols and were not 

compared to experimental structural data to convincingly select the preferred model. This 

study does not pretend to investigate all possible closed packed superstructures, but the 

existing interactions between the different thiol chains. Since the thiol models have 

different relative geometries possible within a window of few kJ/mol we have chosen to 

simulate the surface with a (√3×2√3)R30º unit cell containing two thiol molecules. This 

choice emerges from a price/quality point of view. The surface layer was modelled by a 

slab consisting of 5 hexagonal layers with 6 atoms each, as was used with success 

before[35, 62]. In the past several studies have been undertaken in order to investigate 

the adsorption site of thiol chains on Au(111). The adsorption site is taken to be on the 

displaced bridge[62], without considering any possible drastic reconstruction of the gold 

surface, such as the formation of gold atoms. The adsorbed thiolates are modelled by their 

respective thiyl radicals with an open shell electronic structure. Within this (√3×2√3)R30º 

unit cell two thiolates are chemisorbed on the Au slab. In order to focus on the effect of 

the intermolecular interactions, expected to be the key in the thermodynamic stability of 

mixed thiol SAMs, all thiols studied were adsorbed on the same unreconstructed Au(111) 

surface. This will enable us to investigate on the same basis the surface reconstruction, 

leading to the formation of adatoms or not. It should be stressed that it is not because 

one example of thiols adsorbed better on an adatom and/or form adatoms that all thiols 

behave similarly. A typical extrapolation seen in literature is the case of methyl thiol that 

is often used as model in thiol SAM studies, but which is not representative for all types 

of thiols. This point is one of the questions we would discuss in this paper. Different groups 

of thiols should be studied to find out the specific adsorption process associated to these 

different types of thiols. 
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A series of seven different thiolates (See Table 1) was built using the Modelview 

software[63] (See Fig. 1 for the model structures). The thiolates were chosen on the basis 

of their practical use in experiments and applications, as well as their large diversity in 

physicochemical properties. 

From these thiolates a selection of 20 different thiol pairs, were investigated, from which 

13 containing two different thiolates per pairs in the (√3×2√3)R30º unit cell. The 13 mixed 

pairs are (See Fig. 2): C12/C3COOH, C12/C11COOH, C15COOH/C3COOH, Eg/C12, 

TriEg/C3COOH, TriEg/C11COOH, TriEg/C15COOH, TriEg/C12, Eg/C15COOH, Eg/C11COOH, 

C5CONHCH3/C12, C5CONHCH3/C3COOH 

The segregation of the thiol chains is compared with in-house synthesized nano-particles 

containing facets that in first approximation can be described as Au(111) surface. 

 

 

Figure 1. Side view of the optimized geometries of the pure thiol SAM systems: 1: 

2C3COOH, 2: 2C5CONHCH3, 3: 2C12, 4: 2C15COOH, 5: 2C11COOH, 6: 2Eg, 7:TriEg. (Large 

yellow beads: gold, yellow: sulphur, light blue: carbon: white: hydrogen, blue: nitrogen, 

red: oxygen) 
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Figure 2. Side view of the optimized geometry of the mixed thiol SAM systems: 1: 

TriEg/C3COOH, 2:C5CONHCH3/C12, 3:C5CONHCH3/C3COOH, 4: TriEg/C12, 5: 
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TriEg/C3COOH, 6:C12/C11COOH, 7: C12/C3COOH, 8: TriEg/C11COOH, 9: 

C15COOH/C3COOH, 10: Eg/C3COOH, 11: C12/Eg, 12: C15COOH/Eg, 13:C11COOH/Eg. 

(Large yellow beads: gold, yellow: sulphur, light blue: carbon: white: hydrogen, blue: 

nitrogen, red: oxygen) 

 

Rationalization of the adsorption energy 

The adsorption energy DEads per chain of the thiol derivate on the surface is calculated 

as follows:  

 

DEads = DEads.PBE + DEdisp  (1) 

 

where DEads,PBE is the adsorption energy calculated from the pure DFT-PBE electronic 

energies. DEads,PBE is calculated according to the following equation: 

 

DEads,PBE = ½ [E(thiolAB/Au(111)) – E(thiolA) – E(thiolB) - E(Au(111))]   (2) 

 

E(thiolAB/Au(111)), E(thiolA), E(thiolB), and E(Au(111)) are the total electronic energies 

(at the PBE level) of the adsorption complex formed by thiolA and thiolB, the isolated 

thiolA and thiolB under their radical form (2 times the same thiol in the case of a pure 

SAM, since there a two chains in the unit cell), and the Au(111) slab, obtained after 

separate geometry optimization, respectively. 

DEdisp is the dispersion interaction energy per chain (i.e. ½ de dispersion interaction energy 

of the unit cell containing two thiol chains) calculated from a unit cell containing two thiol 

chains by means of the DFT-D approach[64], i.e.: 

 

DEdisp = (DEads.UC - DEads.PBE.UC)/2 (3) 

 

with DEads.UC and DEads.PBE.UC), the DFT-D adsorption energy and pure PBE adsorption 

energy of two thiol chains in the unit cell, respectively  
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DEads is then the adsorption energy of one thiolA chain in a perfectly ordered SAM 

calculated in a unit cell containing two thiol chains. 

 

The Au-S binding energy DEbind is evaluated as follows: 

 

DEbind = ½. [E(thiolA/Au(111)) – E(thiolA.SAM) - E(Au(111))]  (4) 

 

with E(thiolA.SAM) the single point (not geometrically relaxed) electronic energy of the 

thiol radicals (2 in the (2√3×√3)R30º unit cell) in the configuration of the SAM but without 

considering the Au(111) slab. 

With this DEbind one can obtain an approximation for the inter-chain interaction energy 

DEint.chain as follows: 

 

DEint.chain = DEads -DEbind   (5) 

 

Another descriptor is the reconstruction energy or deformation energy per thiol in a 

double unit cell, defined as:  

 

DErecon =½ (Eslab-in-SAM - Eclean-slab) (6) 

 

Where Eslab-in-SAM is the energy of the gold slab underneath the SAM (after relaxation) and 

Eclean-slab is the energy of the pristine gold. 

 

In order to study the stability of the thiol binary mixture a segregation descriptor (X) is 

defined: 

 

X = DDE= (DEads -DEads,mean)  (7) 
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The adsorption energy DEads of the binary thiolA-thiolB SAM is subtracted by the mean 

adsorption energy DEads, mean of the pure SAMs: 

 

DEads,mean = (DEads,2A+ DEads,2B)/2 (8) 

 

With DEads,2A and DEads,2B the adsorption energy of the pure SAM consisting of 2 thiols A 

and B, on a (√3×2√3)R30º unit cell, respectively. 

 

Table 1.Brute formula and simplified nomenclature of the thyil radicals chosen to 

simulate SAMs of thiol molecules. 

Brute Formula Simplified name No. in Fig. 1 

S-(CH2)11-CH3 C12 1 

S-(CH2)3-COOH C3COOH 2 

S-(CH2)11-COOH C11COOH 3 

S-(CH2)15-COOH C15COOH 4 

S-(CH2)5-CO-NH-CH3 C5CONHCH3 5 

S-(CH2)2-O-(CH2)2-O-(CH2)2-O-

(CH2)2-O-CH3 

Eg 6 

S-(CH2)5-CO-NH-(CH2)2-O-(CH2)2-O-

(CH2)2-O-CH3 

TriEg 7 

 

Experimental details 

All reagents, including MUA (11-mercaptoundecanoic acid), were purchased from Sigma-

Aldrich and used as received. 

 

Nanoparticles synthesis 

The gold nanoparticles (AuNPs) were synthesized by the Turkevich's method.[65] 9.85 mg 

of HAuCl4,3H2O (1.0 eq., 2.5·10-5 mol) were dissolved in 95 mL of water. The solution was 

boiled in a glass bottle, then 5 mL of a solution of trisodium citrate dihydrate 7.5.10-
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3 mol·L-1were added to the gold precursor solution under vigorous stirring. The mixture 

was heated for 30 minutes and cooled to room temperature.  

 

Ligand synthesis 

TriEg :  

(N‐{2‐[2‐(2‐methoxyethoxy)ethoxy]ethyl}‐6‐sulfanylhexanamide) was synthesized using 

the method reported by Pengo et al.[66] with peptide coupling according to Kleinert et 

al.[67] Eg was synthesized following a previously reported procedure.[68] 

 

Mixed SAMs formation on gold nanoparticles 

A suspension of 35 nm gold nanoparticles (initial gold concentration [Au] = 2.5·10-4 mol·L-

1) was gently centrifuged for 30 minutes at 3000 g and the supernatant was removed in 

order to reduce 6 times its initial volume. The concentrated suspension was divided into 

500 µL batches and 1500 µL of absolute ethanol was added to each batch so that the final 

Au concentration in each aliquot was [Au] = 3.75·10-4 mol·L-1. Meanwhile, each ligand was 

solubilized separately in ethanol to yield 2.6·10-4 mol.L-1 solutions. Then, Eg or TriEg 

solutions were added to a gold nanoparticles aliquot, with a surface coverage of 

3.5 ligand·nm-², and the thiocarboxylic acid HS(CH2)3COOH or HS(CH2)15COOH was 

added for a surface coverage of 1.5 acid·nm-². The reaction media in a closed vial were 

put in an oven at 40°C for 1 hour in order to allow reorganization of monolayers and 

eventual ligand exchange. The sample corresponding to the mixture of the longest chains 

Trieg and HS(CH2)15COOH was allowed to equilibrate for 5 h. 

 

Silica heterogeneous nucleation and growth 

After equilibration, a 0.375 mol·L-1 ethanolic solution of tetraethylorthosilicate (TEOS) was 

added with a molar ratio Au:TEOS = 1:2 (except for the Eg/HS(CH2)15COOH for which 

Au:TEOS = 1:1.5 was used). 90 µL of ammonia at 14.8 mol·L-1 was immediately added. The 

reaction medium was stirred manually between each addition and heated at 40°C for 15 

hours. After centrifugation and redispersion in ethanol, a drop of the suspension was 
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deposited and dried on a carbon-coated copper grid for further analyses by transmission 

electron microscopy (TEM) using a Tecnai Spirit 2 microscope operating at a 120 kV 

voltage. 

Results and Discussion 

Adsorption geometries and binding energies 

The adsorption geometries of the thiol SAMs are fully relaxed in a (√3×2√3) R30º unit cell. 

Both thiols in the unit cell are found to adsorb on a displaced bridge site depending on the 

surface Au atom displacement due to the magnitude of the Au-S interaction. This result is 

in agreement with those observed for pure alkane thiols.[62] The tilt angle values for the 

different adsorbed thiolates are all within the range of 30-35°. The results can be 

compared with the recent work of Mete et al. on pure alkyl chain thiols.[69] Indeed, the 

tilt angle, interatomic distances, and adsorption energies are comparable taking into 

account the presence of extra dipole-dipole interactions, H-bonds and other inter-chain 

interactions. A trend can clearly be deduced after qualitative extrapolation of the results. 

 

From the d(Au-S) distances (about 2.4 Å in agreement with experiment[10]) and the 

vertical spacing between S and the surface, one can calculate the largest distance (Dz) 

between the S neighbouring Au atom and its original position in a clean Au(111) slab (Fig. 

3, Table 2). This descriptor is used to quantify and discuss the surface reconstruction. 

 

Table 2. Energetic and geometrical parameters of pure thiol SAMs calculated at the 

PBE-D3 level. (Energies in eV, Distances in Å) 

Thiolate DEint.chain DErecon Dz 

C5CONHCH3 -0.83 0.11 0.15 

TriEg -1.49 0.16 0.23 

Eg -0.65 0.19 0.10 

C3 -0.01 0.08 0.03 

C11 -0.65 0.21 0.14 
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C12 -0.72 0.31 0.13 

C3COOH -0.41 0.09 0.05 

C11COOH -0.90 0.24 0.23 

C15COOH -1.75 0.21 0.19 

 

Table 3. Adsorption and binding energy for the pure thiol SAMs calculated at the PBE-

D3 level. (Energies in eV, Distances in Å) 

Thiolate DEads DEads,PBE DEbind(S-Au) 

C5CONHCH3 -3.49 -1.90 -2.65 

TriEg -4.15 -1.82 -2.66 

Eg -3.20 -1.47 -2.55 

C3 -2.64 -1.64 -2.63 

C11 -3.25 -1.62 -2.60 

C12 -3.32 -1.22 -2.60 

C3COOH -3.04 -0.94 -2.63 

C11COOH -3.48 -1.43 -2.59 

C15COOH -4.39 -1.86 -2.64 

 

Dz obtained after geometry optimization is associated to a barrier-less surface 

reconstruction mechanism. From Table 2 and Fig. 4, it can be seen that Dz correlates with 

DEint.chain in the low interaction energy range. The higher the inter-chain energy between 

the thiol chains, the larger the reconstruction of the surface. However, Dz reaches a 

plateau at 0.20 Å, suggesting that further reconstruction is associated with an activation 

energy. At this elevation surface reconstruction is blocked and probably depends on the 

chemical nature and geometry of the thiol chain. Qualitatively (not highlighted in the 

figures), two types of small reconstruction occur: elevation of an Au atom of the bridge 

site and elevation of both atoms of the bridge site. These behaviours indicate that all thiols 

chains do not modify or reconstruct the Au(111) surface in the same way. 
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Figure 3. Schematic representation of the SAM structure showing the elevation distance 

of the upper layer atoms defined by (Dz). 

 

The reconstruction energy DErecon (See Eq. 6) was also calculated. Again, one could derive 

a similar trend with Dz as for the DEint.chain. This point is in agreement with the flatness of 

the potential energy surface for thiol adsorption on the Au(111) surface. Hence, it is 

difficult to clearly see a correlation between Au atom displacement and interaction 

energy. It is clear that the next point to be investigated in detail at the DFT level is the 

study of the surface reconstruction potential energy surface and corresponding transition 

states. 

 

The Au-S binding energy DEbind(S-Au) was also calculated. Very interestingly DEbind(S-Au) 

(See Eq. 4) is independent of the thiol chain in the series studied (º 2.6 eV), as illustrated 

by the blue bars in the graph of Figure 5. 
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Figure 4. Relation between the PBE-D3 inter-chain interaction energy DEint-chain and the 

surface gold atom elevation Dz, showing a plateau around the maximum value 0.2 Å for 

Dz. This border is considered to be associated with the activation energy needed to form 

a protrusion or adatom e.g. The dashed blue lines are drawn as guides to the eye. 

 

Another descriptor that can describe thiol/Au(111) adsorption is the inter-chain 

interaction energy. In order to show its relevance one should be aware that in order to 

form an adatom, or another type of protrusion, on the surface, a critical Dz should be 

reached (estimated above as ~0.2 Å), followed by the crossing of the energy barrier for 

protrusion formation on the Au(111) surface. A linear behaviour between Dz and DEint-chain 

(Eq. 5) is highlighted in Figure 4, until the value of Dz º 0.2 Å, after which a plateau is 

reached. 

 

Surface reconstruction of the Au surfaces was previously described theoretically in long 

alkyl carboxylic acid and alcohol thiol SAMs[7, 35, 70, 71] and in carbenes[72, 73]. In order 

to reconstruct drastically the surface, strong binding to the Au surface is not enough. 

Earlier we have shown, using XPS and DFT, that short chain aminothiols[74] reconstruct 

more the surface than long chain thiols. So, the surface reconstruction reaction is 

dependent on the presence of geometrical constraints, i.e. steric hindrance. The geometry 
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constraints in the longer chains will limit the reconstruction compared with the shorter 

ones, which are expected to pass the reconstruction energy barrier. This last statement 

has to be proven subsequently, however this is out of the present scope of this work, in 

which we focus mainly on the inter chain interactions in thiol/Au(111) SAMs. 

 

Adsorption energies 

The adsorption energies are calculated at the state-of-the-art PBE-D3 level (See Table 3) 

that takes into account dispersion interactions. Pure DFT-PBE energies (DEads.PBE) do not 

include dispersion interactions, then directly describe (a) the covalent S-Au binding energy 

and (b) the pure electrostatic inter-chain interactions. Values of DEbind(S-Au) confirm that 

for the pure SAM systems considered here, the Au-S contribution (See Table 3 and Fig. 5) 

is constant. The inclusion of dispersion correction is of outmost importance, as shown in 

Table 3. The values of the pure PBE adsorption energies are given for the sake of 

illustration. The role of dispersion becomes clear when the inter chain interaction energy 

is considered. It is the only component of the adsorption energy that is chain dependent, 

and thus dominates the adsorption trend. The effect of short alkyl thiol chain vs. long alkyl 

thiol chain, the effect of polar and nonpolar groups in the thiol chains, and the possibility 

to form H-bonds between the thiol chains are clearly revealed and quantified only by using 

the PBE-D3 level of calculation. This quantification reproduces the alkyl thiol chain stability 

as a function of the alkyl chain length.[75] 

 

Depending on the dominant type of inter-chain interaction (i.e. besides covalent 

interaction), the seven different thiols investigated can be divided in 3 families: H-bond 

(C5CONHCH3 and TriEg), electrostatic (Eg), and mainly dispersion (C3, C3COOH, C11, C12, 

C11COOH, and C15COOH) interactions. While C11COOH, and C15COOH can form H-bonds 

with their neighbours, the dispersion interaction dominates the assembly. The C3COOH 

thiol is the only chain that is weakly ordered, similar to the methylthiol SAM[76] due to 

the very low interaction forces between neighbouring chains. It is this property that 

probably enables a subsequently larger surface reconstruction thanks to the less 
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constraint adsorption configurations at the surface. In Table 4 the effect of dispersion on 

the overall stability of the SAM can clearly be seen, e.g. the extremely low inter-chain 

stabilization for C3COOH compared to the long alkyl chain C15COOH. Interesting to note 

is the high adsorption energy of the long chain thiols (C15COOH and TriEg), due to the 

strong inter chain interactions (See Table 2 and 3). 

 

 

Figure 5. Decomposition of the adsorption energy, DEads, in S-Au binding energy, DEbind, 

(blue) and inter chain interaction energy, DEint.chain, (orange) for thiol pair interactions. The 

total length of the bars indicates DEads in eV. 

 

 

Mixed SAMs: Prediction of the ligands segregation 

13 different and pertinent mixed SAM systems were investigated starting from our 

selection of thiols (See Table 1). The geometry of the mixed SAMs is not altered 

dramatically (i.e. adsorption site and tilting angle) compared with the pure ones.  

 

The trend in adsorption energies deduced above for the pure SAMs is expected to be still 

valid, i.e. the dominance of inter-chain interactions. However, the interaction with 

different neighbouring thiol chains might deeply change the overall stability of the mixed 

SAMs. This cooperative effect is evaluated using a segregation descriptor (X), as defined 
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in Eq. 7. From Table 5, one can divide the mixed SAMs in 3 groups: 1) those with X > 0) 

those with X º 0, and those with X < 0, corresponding to 1) segregation, 2) no preference 

between pure and mixed, and 3) no segregation, respectively. 

 

Table 4. Adsorption energy, dispersion energy, inter chain interaction energy for 

the different SAMs investigated at the PBE-D3 level. Energy values in eV. 

SAMs DEads 
DEads. 

PBE 

DE 

disp. 

DEads. 

mean 

C12_C3COOH -3.03 -1.61 -1.42 -3.18 

C12_C11COOH -3.38 -1.37 -2.01 -3.40 

Eg_C3COOH -2.97 -1.63 -1.34 -3.12 

Eg_C15COOH -3.72 -1.66 -2.06 -3.80 

Eg_C11COOH -3.27 -1.39 -1.88 -3.34 

Eg_C12 -3.30 -1.35 -1.95 -3.26 

TriEg_C3COOH -2.95 -1.75 -1.20 -3.60 

TriEg_C11COOH -3.61 -1.48 -2.14 -3.82 

TriEg_C15COOH -4.04 -1.74 -2.30 -4.27 

TriEg_C12 -3.54 -1.44 -2.11 -3.74 

C15-COOH_C3COOH -3.44 -1.91 -1.53 -3.71 

C5CONHCH3_C12 -3.23 -1.50 -1.73 -3.41 

C5CONHCH3_ 

C3COOH 
-3.20 -1.86 -1.34 -3.26 

 

Because the aim of this work is to identify ligands couples suitable to yield segregated 

SAMs on nanoparticles, we have focused on systems predicted to phase separate from 

Table 5, i.e. with positive X value. The only structure with a negative X value is calculated 

for the Eg_C12 mixture (-0.03 eV). However, this result should be taken with caution since 

the value is very close to 0 and probably close to the accuracy limits of the calculation 

level. The most segregating mixture is found for TriEg_C3COOH, which confirms the 

chemical intuition based on the structure of both ligands. This result is also very well 
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reproduced by the experiment (see below). Of course, in order to check our X descriptor 

it would be interesting to look for nanoparticles having favourable mixing ligands on their 

surface. 

 

Another interesting point to investigate is the shape of nanoparticles covered with short 

and less interacting thiol chains. Since short non-interacting ligands are expected to result 

in larger surface reconstruction than the longer and strongly interacting ligands, the shape 

of short ligand-covered NP should be different. 

 

Nevertheless, it should be noted that the above mentioned descriptor X, does not include 

entropy factors. Energetically, different distributions of the ligands at the surface differ 

mostly by their entropy. Especially, stabilization of the mixed SAM versus the pure SAM 

can occur by entropic effects. Configurational entropy (mixing entropy)[77-80] does not 

discriminate systems composed of mixtures of similar chains lengths, but might influence 

the results for systems composed of thiols chains with a large chain length differences. 

 

Table 5. Comparison between the predicted segregation and the experimental 

observations for 1:1 thiol mixtures. (X in eV) 

SAM X  Segregation Exp. Obs. 

C12_C3COOH 0.15 YES - 

C12_C11COOH 0.03 YES/NO - 

Eg_C3COOH 0.15 YES YES 

Eg_C15COOH 0.08 YES YES 

Eg_C11COOH 0.08 YES YES 

Eg_C12 -0.03 NO/YES - 

TriEg_C3COOH 0.65 YES YES 

TriEg_C11COOH 0.21 YES YES 

TriEg_C15COOH 0.23 YES YES 

TriEg_C12 0.20 YES - 
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C15-COOH_C3COOH 0.27 YES - 

C5CONHCH3_C12 0.17 YES - 

C5CONHCH3_C3COOH 0.06 YES/No - 

 

Segregation and comparison with experiment 

 

Phase segregation in mixed SAMs was addressed on model hybrid nanoparticles 

consisting in a gold inorganic core functionalized with a mixed organic shell. Big particles 

of 35 nm are used with a sufficiently low surface curvature to allow direct comparison 

with the calculations on flat SAMs. Citrate-functionalized particles suspended in water 

were ligand-exchanged with a mixture of a polyethyleneglycol-terminated ligand (TriEg or 

Eg) and a thiocarboxylic acid of varying chain length (C3COOH or C15COOH) at a total ratio 

of 5 thiol·nm-2, enough to saturate the surface and avoid a large amount of free ligands 

in solution.[1, 81] To enhance electron contrast in the organic corona, silica was selectively 

nucleated and grown over carboxylic-rich domains, while areas rich in ethyleneglycol 

oligomers do not allow silica nucleation. Transmission electron microscopy (TEM,) images 

for the nanoparticles are shown in Figure 6. 

 

 

Figure 6. TEM pictures of 35 nm gold nanoparticles functionalized with mixed SAMs that 

are highlighted by silica growth on the carboxylic-rich domains. Non uniform shells and 

“holes” (arrows) highlight TriEg or Eg-rich domains, hence partial segregation in the mixed 
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SAM:(a) TriEg/C3COOH, (b) TriEg/C15COOH, (c) Eg/C4COOH and (d) Eg/C15COOH. Molar 

ratio for all mixed SAMs: 3.5(TriEg-Eg):1.5(thiocarboxylic acid). Scale bars: 20 nm.Red 

arrows in (a) highlight silica domains functionalized with mixed SAMs highlight silica 

patches and other areas free of silica. Hence, nanophase segregation occurs with the 

investigated mixed SAMs, in agreement with predictions from the calculated segregation 

parameter (Table 5).  

 

Discussion and conclusions 

Although the calculations have been performed on a defect free surface, which is an 

approximation of the more complex NP surface which contains different surfaces and 

especially steps and borders that are much more reactive, although proportionally less 

exposed, the quantum chemical calculations corrected for dispersion show a good 

agreement with experiment. It is true that experimentally the segregation is observed 

using silica adsorption, which expected not to alter the SAMs organization below. Having 

these approximations in mind we were able to describe the stability and segregation 

properties of binary mixtures of a series of thiol SAMs on Au(111) investigated using 

periodic DFT and discussed compared with experimental observations. 

The S-Au bond was calculated to be independent of the side chain type i.e. ±2.6 eV per 

thiol, showing that the thiol tail chain does not influence significantly the S-Au chemical 

properties for the studied linear chains. This finding is at least true for the alkane thiols 

since the S-Au bond energy has been found to be lower and also almost constant in the 

case of aryl thiols (i.e. 2.2 eV).[82, 83] This leads us to conclude that the S-Au bond is 

sensitive to the hybridization state if the carbon atom bound to the sulphur atom. 

However, this does not mean that the thiol tail does not matter. At the contrary, if one 

are interested in the mixing mechanisms of different thiols, it is clear that the interatomic 

interactions are dominating. 

The energy decomposition scheme used in this study helped us to understand the 

competitions that are at play in thiol SAM formation and confirms our intuition that the 
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thiol SAMs do not all adsorb in the same configuration and do not all reconstruct the 

surface in the same way[74]. This point was also very concluded in our recent investigation 

on the thiol SAM formation reaction paths analysis.[36] 

The surface is indeed found to be affected by adsorption of the thiol radicals. No barrier-

less adatom formation was observed, however Au-atoms were pulled out of the surface. 

This phenomenon was already describe by us some time ago[70] and reconfirmed 

experimentally later[74]. Interesting to note is that a relation between the inter-chain 

interaction energy and the elevation (Dz) of the Au surface is found, i.e. in order to have 

protrusions formed that are elevated with a Dz larger than 0.20 Å, an energy barrier 

should be crossed. This is deduced from the fact that 0.20 Å is the maximum value and 

that we expect adatom formation in some cases. However, here to investigate this 

phenomenon in detail, a reaction path analysis should be performed, i.e. the calculation 

of the associated energy barrier for the adatom formation. 

A segregation parameter was defined to characterize mixed thiol SAMs. With this 

parameter we are now able to predict, within the approximation that entropy driven 

segregation is negligible, the formation or not of segregated patches on a Au surface, as 

confirmed with experiment on nanoparticles. The most segregating mixture of our 

selection is found for TriEg_C3COOH. The least segregating mixtures are found or 

predicted for C12_C11COOH and C12_Eg. 

In this study we have discussed and rationalized the interaction affinity between different 

linear thiols based on an adsorption energy decomposition strategy. This procedure is 

promising to identify quickly future segregated SAMs to drive the synthesis of e.g. 

nanoparticles with different surface phase segregation, ultimately leading to patchy or 

even Janus nanoparticles. 
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TEXT 

Mixed thiolate Self Assembled Monolayers (SAMs) are used as a way toward adjusted surface 

functionalities for many applications. Nevertheless, geometrical and energetical properties, such 

as the ability to generate segregated domains and surface adatoms, is rather limited. This study 

provides for the first time an atomistic detailed picture of the interaction with the substrate and 

between the chains of different types of linear thiols from first principles. 
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