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Abstract

This work suggests a novel strategy to coat the caps and body of Au-nanorods (Au-NRs) with end-

grafted polymer layers of different composition by taking advantage of the different curvature of 

these two regions. A molecular theory was used to theoretically investigate the effect of local 

curvature and molecular architecture (intramolecular connectivity of the monomers) on the 

adsorption of polymer mixtures on cylindrical (Au-NR body) and spherical (Au-NR caps) 

surfaces. The adsorption process was systematically studied as a function of the backbone length, 

number and position of branches, quality of the solvent and total number of monomers of the 

polymer molecules in the mixture. The balance between repulsive forces and polymer-surface and 

polymer-polymer attractions governs the amount and composition of the adsorbed layer. This 

balance is in turn modulated by the architecture of the polymers, the curvature of the surface and 

the competition between the different polymers in the mixture for the available area. As a result, 

the equilibrium composition of the polymer layer at spheres and cylinders of the same radius 

differs from each other, and in turn departs from that of the bulk solution. Curvature plays a major 

role: the available volume at a given distance from the surface is larger for spherical surfaces than 

for cylindrical ones, therefore the surface density of the bulkier (more branched) polymer in the 

mixture is larger on the Au-NR caps than on the Au-NR body. These results suggest that the 

combination of curvature at the nanoscale and tailored molecular architecture can confer 

anisotropic nanoparticles with spatially enriched domains and, therefore, lead to nanoconstructs 

with directional chemical interactions.

1) Introduction

Gold nanorods (Au-NRs) are great candidates for building multifunctional agents with 

anisotropic surface functionalization. In the past two decades, their unique electronic and 

optical properties, reproducible synthesis, stability, biosafety and ease of surface 

modification1 have multiplied their applications in catalysis,2 sensing and molecular 
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recognition,3 and biomedical therapeutics and diagnosis.4 The different curvatures of the 

bodies and the caps of Au-NRs offer a great opportunity to engineer anisotropic 

nanoconstructs. In such spatially heterogeneous NRs, both the location and the composition 

of the surface coating are important for their use in biomedical applications. The size, local 

geometry and orientation of the NRs at the contact point with cells play a crucial role in 

transport, delivery and cellular internalization.5–7 Thus, controlling the chemistry and 

location on the NR surface of the grafted ligands can enable chemical directionality, with the 

ultimate goal of controlling interactions at the nano-bio interface.8

Surface modification is also key to modulate interactions at the interface of Au-NR and their 

surrounding media.9 Following synthesis, Au-NRs must be functionalized with 

biocompatible molecules to prevent uncontrolled protein adsorption (biofouling) on the 

NRs’ surface when introduced in biological matrices.10 The most widely used antifouling 

ligands include poly(ethylene glycol) (PEG),11 thiol self-assembled monolayers (SAMs),12 

zwitterionic polymers,13 peptoids14 and glycopeptoids.15 Specific-targeting ligands, such as 

antibodies, proteins, nucleic acids or small ligands like sugars can also be incorporated to the 

Au-NRs in order to allow molecular recognition at the desired site.16

So far, significant progress has been achieved in anisotropic functionalization of Au NRs 

based on the distinct crystallographic faceting of their surface, since different 

crystallographic facets exhibit different chemical reactivity.17,18 Subsequent 

functionalization with thiol-terminated molecules allows obtaining Au-NRs end-terminated 

with diverse ligands17, 19–21 for applications in plasmonic metamaterials22 and 

supracolloidal polymers.23 However, in spite of the directionality incorporated in such 

strategies and the great control over the interparticle interactions, the as-modified Au-NRs in 

those works still present a CTAB bilayer along their longitudinal side, which poses serious 

problems for their utilization in biological and biomedical media.4

In this work, we propose to anisotropically modify Au-NRs by taking advantage of the 

different types of curvatures of their bodies and caps. For the adsorption of a single type of 

polymer type in solution, increasing the surface curvature (i.e. decreasing its radius) 

increases the amount of adsorbed polymer.24, 25 This effect results from the fact that in 

curved convex surfaces, the available volume increases as the distance from the surface 

increases, and it scales as (r/R) for cylinders and as (r/R)2 for spheres (where r is the radial 

direction and R the radius of the surface). Based on this fact, we hypothesize that in a system 

combining both cylindrical and spherical surfaces, such as an idealized NR (see Figure 1b), 

surface curvature can be used for spatially selective functionalization. In order to explore 

this hypothesis, we study the adsorption of mixtures of a linear and a branched polymer 

(with varying degree of branching) in order to improve partitioning of the branched 

polymers between caps and body and maximize the effect of curvature, as schematically 

shown in Figure 1a. Keeping in mind the intended purpose of designing Au-NRs for 

biomedical applications, the polymers explored in this work are neutral and hydrophilic, as 

numerous publications have reported that hydrophobic or charged coatings tend to adsorb 

more proteins than neutral or hydrophilic surfaces.26, 27
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In the next section, we present the theory for polymer adsorption from binary solutions on 

curved surfaces. All polymers studied in this work adsorb on the surface exclusively through 

a functional end group. Then, we present a discussion of the effect of different variables on 

the adsorption process: composition of the solution, radius of the NR, the molecular 

architecture of the polymer molecules and solvent quality. In the last section, we outline the 

design rules that resulted from our study and discuss the potentials of the methodology 

employed.

2) Theoretical Methods

In order to model the adsorption of polymer mixtures on the surface of the NRs, we 

independently study the adsorption on the spherical caps and the cylindrical body (Figure 

1b). We consider a curved surface (either cylindrical or spherical) in contact with aqueous 

solutions containing a mixture of two polymer molecules with different molecular topology. 

We model the adsorption of the end group of these polymers on the cylindrical and spherical 

surfaces with typical radius, R, from 1 to 20 nm, as depicted in Figure 1b–c.

2.1) Molecular theory

Our theoretical approach is based on a molecular theory developed to describe a wide range 

of soft-matter phenomena at interfaces, including the structure and thermodynamics of 

tethered polymer layers,24, 28 the adsorption of polymer and proteins,14, 29–31 ligand-

receptor binding,32–35 acid-base equilibrium of weak polyelectrolytes grafted on surfaces of 

different curvature36–38 and interfacial behavior of diverse nanomaterials.39–41 The 

predictive power of the molecular theory on the behavior of soft matter in a variety of 

systems (as compared with experiments42–47) gives us confidence about its potential to 

outline design rules in the synthesis of anisotropically coated NRs.

The employed theory explicitly considers the geometry of the system, the shape, molecular 

volume and conformations of all molecular species and the repulsive excluded-volume and 

attractive Van der Waals (VdW) interactions. The input of the theory is a set of 

conformations for each macromolecule in the system and the values of the controlled 

thermodynamic variables (temperature, composition of the bulk solution, adsorption energy, 

etc.). Minimization of the system’s free energy yields structural and thermodynamic 

properties of the system at equilibrium, including the probability of each conformation, the 

amount of adsorbed polymer and the spatial distribution of solvent molecules and polymer 

chains.

The starting point of the theory is an approximate free-energy functional for the system. We 

are studying a surface in contact with an aqueous solution having a constant composition of 

linear (l) and branched (b) polymers (we also assume that the composition of the solution is 

unaffected by adsorption), therefore the calculations have to be performed in the grand 

canonical ensemble. The grand potential per unit area can be expressed as:
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βW
A = ∑

i = l,   b
σi ∑

αi

P(αi) lnP(αi) +   ∑
i = l, b

σi [ln(σiΛi
2) − 1]

+ ∑
i = l,   b

σi βϵs − ∑
i = l,   b

σiβμi
bulk

+ ∫ dr   ρw(r) [ln(ρw(r)vw) − 1]

+ β
2∬ dr   dr′ χ   a( |r − r′ | )

vp
ϕp

l (r) +   ϕp
b(r) [ ϕp

l (r′) +   ϕp
b(r′) ]

(Eq. 1)

with β = 1/kBT (kB is the Boltzmann constant, T is the absolute temperature) and r is the 

position vector, r = (x, y, z). The amount of adsorbed polymer is quantified through its 

surface density σi = Ni/A(R) where Ni is the number of adsorbed molecules of the linear or 

branched polymer, A(R) corresponds to the area and R to the radius of curvature of the 

surface, which can be planar (R → ∞), cylindrical or spherical.

The first term in Eq. 1 corresponds to the conformational entropy of the polymer chains, 

where P(αi) (with i = l or b) is the probability of having a linear or branched polymer 

molecule tethered to the surface in a conformational state α. The second term is the two-

dimensional (surface) translational entropy of the polymers, where Λi = (h2/2πmikBT)1/2 is 

the polymer de Broglie wavelength, h is Planck’s constant and mi is the polymer molecular 

mass. The third term corresponds to the adsorption energy between the end-segment of the 

polymer chain and the surface, with ϵs being the adsorption energy per chain. The fourth 

term ensures that the chemical potential of each type of polymer, μi
bulk, is the same at the 

surface and in the bulk solution. The fifth term is the translational (mixing) entropy of the 

water molecules, where ρw(r) is the position-dependent water density and vw is the 

molecular volume of a water molecule. The last term is the VdW effective attractive energy 

between polymer segments.24 In this term, ϕp
i (r)  is the volume fraction of the polymer at r 

(with i = l or b), χ is a prefactor that determines the strength of the polymer-polymer 

interaction and a(|r − r′|) is a distance-dependent VdW attractive function of the form:

a( |r − r′ | ) = −
lseg

|r − r′|
6
forlseg   |r − r′ | < 1.5δ

a( |r − r′ | ) =   0otherwise

(Eq. 2)

with lseg being the segment length and 1.5δ a cut-off parameter (δ is the discretization step, 

see below).
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The repulsion between molecules is accounted for by an incompressibility condition 

ensuring that the total available volume is occupied either by the polymers or solvent 

molecules at all distances from the surface:

ϕp
l (r) +   ϕp

b(r) + ϕw(r) = 1 (Eq. 3)

where ϕw(r) is the position-dependent volume fraction of water and ϕp
i (r)  are the position-

dependent volume fractions of the polymer (for i = l, b), given by:

ϕp
i (r) = σi ∑

αi

P(αi)n(αi; r) (Eq. 4)

where n(αi; r)dr is the number of segments that the chain in conformation αi has within the 

volume between r and r + dr.

The system’s free energy is a functional of ϕw(r), P(αi), and σi. These quantities are found 

by the minimization of Eq. 1 subject to the packing constraint (Eq. 3), introducing a set of 

Lagrange multipliers βπ(r). This procedure yields:

ϕw(r) = ρw(r)vw = exp[ − βπ(r)vw] (Eq. 5)

for the solvent density, and:

P(αi) = 1
qi

exp −∫ βπ(r)vp   n(αi; r)dr−∬ dr   dr′   χ   a( |r − r′ | )n(αi; r)[ ϕp
l (r′) +

ϕp
b(r′) ]

(Eq. 6)

for the probability of chain conformations, where i = l or b, qi is a normalization constant 

assuring ∑
αi

P(αi) = 1 and vp is the volume of a monomer.

Minimization with respect to surface coverage gives:

σi =
qi

Λi
2exp[βμi

bulk − βϵs] (Eq. 7)
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This equation guarantees that the chemical potential of the linear or branched polymer 

molecules (i = l or b) on the surface (μi
sur f ) is the same as in the bulk solution (μi

bulk), as 

required by thermodynamic equilibrium.

The only unknowns in the above equations are the position-dependent repulsive interactions 

π(r), which correspond to the osmotic pressure along the system.24, 36 They are determined 

by replacing the expressions for P(αi), σi, and ϕw(r) into the packing constraint (Eq.3). To 

implement the theory, we exploit the cylindrical or spherical symmetry of the system by 

adopting the corresponding coordinates system in our calculations.35, 36 Furthermore, we 

assume that the system is laterally homogeneous, with the inhomogeneities explicitly 

considered only in the radial direction. Thus, we change our variable from r to r, and define 

r as the distance from the surface (i.e. r is the radial coordinate for a cylinder or sphere). For 

each specific geometry, we discretize the space in layers of dimension δ, transforming the 

integral equation for π(r) into a set of nonlinear equations that we solve by standard 

numerical methods. For further details on solving the theory we refer the interested reader to 

refs.36, 48

2.2) Molecular model

In order to solve the theory, we need sets of chain conformations for the linear and branched 

polymers. While these sets include in principle all allowed conformations that do not collide 

with the surface for the geometry under study, in practice it is enough to use a very large set 

of randomly chosen conformations, which we generate in free space using the rotational-

isomeric model (RIS).49 To avoid biases, each random bond sequence is rotated using 

randomly chosen Euler angles.50 Only self-avoiding conformations that do not overlap with 

the surface are considered. We have used a set of 106 different configurations for each 

polymer type and each geometry.

To study the effect of the bulk solution composition, we varied the molar fraction of the 

branched polymer (xb
bulk) in a mixture of branched and linear polymers between zero 

(solution of linear polymer only) and one (solution of branched polymer only). For all cases, 

we kept the total volume fraction of polymer constant (ϕpl
bulk + ϕpb

bulk = ϕptot
bulk = 0.015). For 

each composition of the solution, we computed the bulk chemical potential of the polymers 

(μi
bulk) within the same theoretical approach as that of the tethered chains described above, 

following the expression:24

βμi
bulk = − ln(Ni

bulk) −
vp
vw

nsegi
lnϕw

bulk + ln
ϕpi

bulk

nsegi

+ β   χ   a   nsegi
ϕpi

bulk (Eq. 8)

where i = l or b, Ni
bulk is the total number of self-avoiding conformations for each type of 

polymer and nsegi
 is the total number of segments in the chain. All the other quantities have 

been defined above. Note that since the bulk solution is an homogeneous system, the 
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attractive function a corresponds simply to a = ∬ drdr′a( |r − r′ | ), and that ϕi are the volume 

fractions of species i = pl, pb, w for the linear, branched polymers and water in the solution 

respectively, with ϕw
bulk + ϕpl

bulk + ϕpb
bulk = 1.

We chose the parameters for the monomers of the polymer to be that of PEG (segment 

length lseg = 0.3nm and segment volume vp = 0.065nm3) based on a previous 

implementation of the molecular theory.28 The solvent molecular volume was set to 0.03 

nm3 (based on water’s density) and the thickness of the discrete layers to δ = 0.3 nm. The 

adsorption energy of the functionalized end group (ϵs) for all polymers considered in this 

work was set to −13.2 kBT in order to reproduce the experimental surface density obtained 

for the adsorption of a 20-monomer linear chain on a planar surface, obtained 

experimentally in a previous work.14 We conducted calculations considering different values 

of 
χc
χ , where χc is the critical parameter defined as the value required to induce microphase 

segregation in a neutral polymer layer in the limit of vanishing surface coverage51 and it is 

close to Θ conditions.52 Values of 
χc
χ  greater and lower than 1 correspond to good and poor 

solvent conditions, respectively.

Using the theory and molecular model described above, we performed a systematic analysis 

on the adsorption process varying the backbone length, number of branches, branching 

positions, total number of monomers in the polymer molecules (see Figure 1c) and quality of 

the solvent. In particular, we are interested in exploring routes that would allow enriching 

the spherical caps with the branched polymers. The number and position of the branches 

have been selected given the interest in having a large density of free ends close to the 

solvent for further chemical. Details of the chains can be found in Table S1 in the ESI.

3) Results and discussion

We start our analysis discussing polymer adsorption from mixtures in good solvent 

conditions. We reserve the discussion of polymer-polymer interactions and the role of 

solvent quality on the adsorption process for the last section of our results. It is worth 

mentioning that we allow adsorption only between the end segment of the polymer and the 

Au-NR. We do not consider mechanisms encompassing backbone- and branch-mediated 

adsorption. For detailed studies of such systems, including polymer architecture effects, we 

refer the reader to Ref53 and references therein.

The nomenclature used henceforth for the different polymer chains comprise the total 

number of segments in the molecule, followed by the number of branches. In the case of 

linear polymers, the code we use is simply the number of segments followed by the letter 

“l”, for “linear”. So, “20l” corresponds to a linear polymer of 20 monomers, while “35–2b” 

corresponds to a branched polymer of 35 total monomers, and 2 branches. Note that for all 

branched polymers, the number of segments on the branches is the same and equal to 5 (see 

Table S1 in the ESI).
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3.1) Single-polymer solutions

The thermodynamic behavior of polymers adsorbing on surfaces is intimately related to the 

molecular organization of the chains at the grafting surface. Carignano and Szleifer have 

previously addressed the conformational properties of linear and branched polymers on 

surfaces of planar, cylindrical, and spherical geometry,24 and also provided a detailed 

analysis on the adsorption of linear chains on curved surfaces.24, 48 So, we focus our 

discussion on the interplay of chain architecture and polymer adsorption in systems 

containing only one type of polymer as an introduction for the polymer adsorption from 

binary mixtures in the following sections.

Figure 2a shows the equilibrium amount of polymer adsorbed as a function of the radius of 

the surface, for both cylinders and spheres. The amount of adsorbed polymer results from 

the balance between competing processes, modulated by the curvature of the surface: the 

attractive forces between the polymer functionalized end segment and the surface, the loss of 

conformational entropy induced by packing the chains at the surface and the excluded 

volume repulsions between the monomers that are confined to the surface vicinity. It is 

worth recalling that in all the cases studied, the attraction between the end group of the 

polymer and the surface is the same for all molecules. Hence, the difference in adsorption 

derives from the entropic repulsive contributions.

The adsorption isotherms for the different polymers on the same geometry and radius in 

Figure 2a, reflect that the repulsions depend very strongly on the shape and size of the 

molecules. Increasing the molecular weight of the polymers (i.e. total number of segments), 

leads to an increase in the steric repulsion within the adsorbed layer and, therefore, to a 

decrease of the adsorbed density (35l vs. 20l). The intrinsic effect of the molecular topology 

is reflected on the adsorption of 35l vs. 35–2b, where the only difference is the arrangement 

of the monomers in the chain. The branched chain is bulkier than the linear one; hence, in 

the good solvent regime under discussion, it experiences stronger intramolecular repulsions 

and reaches a lower grafting density at equilibrium than the linear polymer.

Regarding the effect of the surface curvature, we observe that the adsorption increases as the 

radius of the curvature of the surface decreases, irrespective of the molecular topology or the 

morphology of the surface. This is due to the fact that in curved convex surfaces, the 

available volume increases as the distance from the surface increases, scaling as (r/R) for 

cylinders and as (r/R)2 for spheres (where r is the radial direction and R the radius of the 

surface). This decreases the steric repulsions within the layer, giving rise to a greater 

adsorption on spheres than on a cylindrical geometry with the same radius. In a NR, which 

has spherical caps and cylindrical body, curvature leads to denser films on the caps than on 

the body. Therefore, the partition between the caps and body (which we define as the ratio of 

the equilibrium surface densities on the sphere and the cylinder, σsph/σcyl) is always larger 

than one (Figure 2b). Long polymer chains adsorb preferentially in regions with large 

available volume and, therefore, they have larger sphere/cylinder partition than short 

polymers, as observed by comparing 20l and 35l in Figure 2b. However, we do not observe 

large partition differences between linear and branched polymers, when comparing 35l and 

35–3b in Figure 2b.
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Based on these results, we will focus on the possibility of using mixtures of polymer chains 

with different molecular topology in order to enhance the curvature-driven partition. This 

effect can be useful to engineer surface-modified nanomaterials where different types of 

molecules enable multifunctional platforms.

3.2) Polymer adsorption from binary mixtures: combining molecular topology and 
surface curvature

3.2.1) General description of adsorption—Figure 3a shows the equilibrium amount 

of linear and branched polymers adsorbed as a function of the bulk composition of the 

solution for spherical surfaces, for a binary mixture of polymers comprising the polymers 

20l and 35–2b. We show the results for R = 1 nm, but they are representative of the 

qualitative behavior in the other systems studied.

The adsorption isotherms demonstrate the complexity in the balance of forces that determine 

adsorption: the attraction between the end-segment of the polymers and the surface, the 

repulsive interactions between adsorbed molecules and the entropy of mixing. There is a 

monotonic decrease (increase) in the adsorbed amount of the linear (branched) polymer, as 

the solution becomes more concentrated in the branched polymer. However, the linear 

polymer 20l is the major component of the adsorbed film until the solution has 80% of the 

branched polymer. The preferential adsorption of 20l over 35–2b is due to excluded-volume 

interactions, since the short linear polymer can accommodate better than the long branched 

one in the proximity of the surface. The fraction of the branched polymer in solution that 

leads to a layer with 50% of branched polymer is very sensitive to the molecular details of 

the polymer chains and to the relative difference in size and shape between the linear and the 

branched chains.

The effect of bulk composition on the overall adsorption is also shown in Figure 3a. We 

observe that the total amount of adsorbed polymers, σTOT = σl + σb, is a monotonic 

decreasing function of the bulk composition for the branched polymer.

The interplay between curvature, molecular architecture and bulk composition is reflected in 

the curvature-driven partition (Figure 3b). The sphere/cylinder partition is always larger for 

the branched polymer than for the linear one due to the bulkier nature of the branched 

chains. This drives its partition towards the sphere, demonstrating the possibility of 

enriching the spherical end of a NR with the bulkier polymer in the mixture. The sphere/

cylinder partition for both the linear and branched polymers decreases monotonically with 

the content of branched polymer in solution. As xb
bulk increases, the competition between 

the flexible linear chains and the bulky branched ones hinders the adsorption of the linear 

polymer on regions of larger available volume and, thus, the sphere/cylinder partition for the 

linear polymer decreases. Regarding the branched polymer, the adsorbed amount on both 

surfaces increases with increasing bulk concentration (Figure 3a), but this increase, relative 

to the maximum surface density at xb
bulk = 1, is higher on the cylinder than on the sphere. 

Thus, the occupancy of the available surface increases faster with xb
bulk for the cylinder than 

for the sphere and the branched polymer partition towards the sphere decreases for 

increasing xb
bulk. Also, we observe that the partition for the branched polymer does not 

depend very strongly with the composition of the solution, which could be of interest when 
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engineering nanomaterials for diverse applications as it would allow maximizing the surface 

density by adjusting the bulk solution without significantly affecting the spatial partition. It 

is interesting to note that for the limiting value of xb
bulk ~ 1, the decrease in the curvature-

induced partition for the linear polymer falls below 1. While for the adsorption of a single 

type of polymer in good solvent, the partition should be always be larger than one, there 

exists conditions where the partition of one of the polymers in a mixture falls below one (i.e. 

that polymer is enriched at the surface of the cylindrical body in comparison with the 

spherical tip). The effect results from the fact that adsorption of mixtures is a competition for 

the available surface area; therefore, one of the polymers may strongly adsorb, thus 

depleting the other one from the spherical surface and making its sphere/cylinder partition 

smaller than one. Changing the quality of the solvent can enhance this effect further, as we 

discuss below.

The differences in available volume for each geometry dictates the molecular organization of 

the layer and defines the amount of adsorption for each polymer. The conformational 

properties of the layer strongly depend on the architecture of the chains. The variation of the 

polymer volume fraction as a function of the distance from the tethering surface accounts for 

the interplay between curvature and molecular architecture, as shown in Figure 3c. It is 

worth noting that the density profiles depend on the grafting density, and that this quantity in 

turns changes for each geometry (Figure S1). Increasing the fraction of branched polymer in 

solution increases the amount of the branched polymer on the surface, and with that the 

steric repulsions in the layer. The system lowers these repulsions by the combination of two 

mechanisms: i) stretching both the linear and branched chains towards regions of greater 

available volume (at the cost of conformational entropy) and ii) decreasing the total amount 

of adsorbed polymer (at the cost of decreasing the total adsorption energy, Figure 3a).

The results from our calculations show that the composition of the surface-adsorbed layer 

departs strongly from the bulk composition for all the geometries studied, as shown in 

Figure 4. Moreover, in curved surfaces of increasing radius, the composition of the adsorbed 

mixture tends to that of the planar surface. The composition of the branched polymer in the 

bulk required to obtain a 1:1 mixture on the surface (xb
surf = 0.5) is always larger than 0.5 

and shifts to higher values as the radius of the surface increases (Figure 4b). In the limit of 

highly curved surfaces, (R = 1 nm, Figure 4a), we observe that for a solution with xb
surf = 

0.9 the surface fraction of the branched polymer on the sphere is 60% whereas for a cylinder 

of the same radius is 35%. This result strongly suggests the possibility of enriching the 

adsorbed mixture in the branched polymer in surfaces of high curvature.

3.2.2) Molecular architecture effects—We now provide an analysis of the effect of 

the number of branches, the branching positions, the backbone length and the topology of 

the polymer molecules on the competitive adsorption of binary polymer mixtures on 

surfaces of different geometry. Due to the complexity of the system, the effect of these 

variables is highly non-additive (see below). Thus, we will not attempt to analyze all 

possible combinations of these different variables, but rather focus our efforts in 

systematically analyze combinations that can improve the partition of the branched polymer 

toward the Au-NR tips. Given the dimensions of commonly synthetized Au-NRs,4 we will 

study systems of 5 nm radius.
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Branching Effect: Figure 5 shows the effect of increasing the number of branches at 

constant backbone length of the branched polymer. In all cases, the linear polymer 

corresponds to the polymer 20l. The branched polymer has a backbone of 20 segments, and 

one, two, or three branches. We observed that the surface density of branched polymer 

systematically decreases with increasing number of branches (Figure 5a). This is due to the 

increase in the size and bulkiness of the branched polymer, which results in an increase of 

the steric repulsions that hinder adsorption in good solvent conditions. This in turns favors 

the adsorption of the linear polymer (Figure 5a), yielding an overall adsorption (σtot = σb

+σl) that decreases slightly with increasing number of branches at constant backbone length, 

both on spheres and cylinders (Figure 5b). One could, therefore, optimize the molecular 

structure of the chains in the mixtures without compromising the total amount of adsorbed 

polymer (σtot), which can be very beneficial when engineering materials for biological 

applications. The increasing crowding near the surface with increasing number of branches 

at constant backbone length also results in a more favorable partition of the branched 

polymer towards the regions of higher curvature (Figure 5c). The linear polymer in the 

mixture is also preferentially partitioned towards the sphere (Figure S2) although to a much 

lesser extent than the branched polymers. For both the branched and the linear polymer, the 

partition is maximal for xb
bulk = 0 (i.e. pure linear polymer solution), as we discussed above.

The effect of increasing the number of branches on polymer adsorption depends strongly on 

the length of the backbone of the branched polymer. Figure S3 shows the analysis for 

mixtures comprising the same linear polymer as in Figure 5, but branched polymers with 35 

monomers in the backbone instead of 20, with varying number of branches. The qualitative 

effects are the same as discussed above, but much less dramatic, and become even less 

important for branched polymers of even longer backbones (data not shown). The position 

of the branches along the polymer backbone is also very important. Figure 6 shows the 

surface density of each individual polymer in mixtures comprising the same linear polymer 

of 20 segments and branched chains containing three branches in different positions with 

respect to the surface. It can be appreciated that short branches near the surface are very 

detrimental for the adsorption process of the branched polymer, favoring the adsorption of 

the linear polymer in almost all the range of bulk solution composition. Increasing the 

spacing between the position of the first branch and the surface strongly favors its 

adsorption, despite the increase in the total number of monomers. This behavior depends on 

the number of branches of the polymer, as we discuss below.

Backbone length effect: In this section we explore the effect of changing the backbone 

length of the branched polymers for a constant number of branches (the length of the 

backbone changes below the position of the first branch), see scheme in Figure 7. Increasing 

the backbone length for the one-branch polymer decreases the surface density of the 

branched polymer and increases that of the linear chain (Figure 7a). On the other hand, when 

the branched polymer has three branches, increasing the backbone length increases the 

amount of the adsorbed branched polymer and decreases that of the linear chain (Figure 7b). 

Mixtures containing two-branch chains show a behavior intermediate between the one-

branch and the three-branch polymers (Figure S4).
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The molecular organization of the adsorbed layer is the result of the balancing forces 

governing the adsorption process. In the case of the one-branch polymers, where the 

branching point is near the end of the chain (Table S1 in the ESI and scheme in Figure 7), 

the repulsive forces with neighboring molecules result in stretched configurations, in which 

the branch orients towards the solution (Figure S5). So, their behavior is similar to that of a 

linear polymer. In this scenario, increasing the backbone of the branched chain does not 

significantly modify the region of the chain that competes for the available volume with the 

short linear chain near the surface. On the other hand, in the three-branch polymers, the 

short branches cannot be accommodated in a way that resembles a linear chain (see Figures 

8 and S6). When the backbones of the linear and the branched polymers have similar length, 

there is a competition for the available space between the linear chain and the much bulkier 

branched chain. However, when the backbone of the branched chain is longer than the linear 

chain, the competition for the available volume occurs between the linear chain and a region 

of the linear backbone of the branched chain. This last scenario also improves the 

accessibility of the free-end segments from the solution. Figure 8 shows the density of free 

ends as a function of the distance from the surface. This quantity reflects the most probable 

position of the free-end segments for the polymers in the mixture. It can be seen that making 

the backbone of the branched chain longer than the linear polymer allows for the free ends 

of the branched polymer to be located towards the solution. On the other hand, in branched 

chains with a short 20-segment backbone, the free ends remain buried within the layer and, 

thus, inaccessible from solution (Figure S6). The concern about accessibility of free ends is 

of prime importance for conferring further chemical functionalities to these segments for 

improved biotargeting or tailored chemical reactivity of the nanoconstruct.

The effects of the molecular architecture of the polymers (backbone length and number of 

branches) on the curvature-induced partition are summarized in Figure 9, where we show the 

ratio between the surface density on spheres and cylinders of radius 5 (panel a) and 1 nm 

(panel b) for mixtures of a 20-segment linear polymer (20l) with branched polymers with 

different backbone length and number of branches. The bulk composition plotted, xb
bulk = 

0.9, was chosen to have a significant amount of adsorbed branched polymer. In general, the 

partition between spheres and cylinders increases when increasing the number of branches 

or the backbone length. The outlier behavior of the three-branch polymer with a backbone of 

20 segments derives from the strong repulsions with the linear polymer, as we discussed 

above. It is worth keeping in mind that in that case, the total adsorbed amount of polymer is 

significantly diminished, so there is a compromise between achieving a curvature-induced 

partition and reaching an appropriate surface density. While the partition for R = 5 nm, 

which is in the range of usual sizes of NRs for biomedical applications,4 is rather large, it is 

possible to increase it further by increasing the curvature of the surface, see results for R = 1 

nm in Figure 9b.

The strategies we discussed so far were targeted towards favoring a partition of the branched 

polymer to spherical surfaces with respect to cylinders of equivalent radius. It is worth 

mentioning that different partition scenarios are possible based on the molecular architecture 

of the chains. For example, in binary mixtures comprising a linear chain longer than the 

backbone of the branched polymer, we observed that these long linear chains end up 

partitioning to the regions of greater curvature, i.e. away from the surface (Figure S7).
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Molecular topology: Strategically combining the molecular architecture for each chain 

could allow tuning the competitive adsorption of the molecules on surfaces of different 

curvature. But, now we ask: What is the gain in resorting to a mixture of a linear and a 

branched chains instead of mixtures of two linear polymers of different lengths? To that end, 

we analyzed the differences between a mixture comprising a linear polymer of 20 monomers 

(20l) and a three-branch polymer of 50 monomers total (50–3b), and a mixture comprising 

the same linear polymer (20l) and another linear polymer of 50 monomers (50l). Note that 

the polymers 50–3b and 50l have exactly the same number of monomers, but different 

topology. We observed that the surface density of 50–3b is slightly smaller than that of 50l 

(Figure 10a), which results from the fact that the first branching position of 50–3b is at 

segment 24, while the length of the 20l polymer is 20 segments (see scheme in Figure 10). 

Therefore, the 50–3b polymer experiences greater steric repulsions than the 50l, hindering 

its adsorption. In the case of the 20l+50l mixture, competition for the available space 

between linear chains results in a more favorable adsorption than for the mixture 20l+(50–

3b). However, the curvature-induced partition between spherical and cylindrical surfaces is 

similar for both mixtures (Figure 10b). We also observed this behavior for the adsorption of 

polymers of equal number of total monomers from solutions containing one single polymer 

type (Figure 2b, 35l vs. 35–2b). The end-segment accessibility from the solution for the 50–

3b polymer (Figure 10-c, upper panel) is more hindered by the linear 20l polymer than for 

the 50l chains (Figure 10-c, lower panel), but the overall accessibility is rather good in both 

cases. Thus, resorting to a branched polymer instead of a linear polymer of the same number 

of total monomers results is an increase in the density and accessibility of available end-

segments, but with a small decrease in amount of adsorbed polymers. Once again, this 

behavior is strongly dependent on the branching positions of the polymer, for instance a 3-

branch chain with two branches points below the end-backbone of the linear chain (Figure 

S8) shows a smaller surface density at equilibrium and less accessible free ends than those 

reported for the branched polymer in Figure 10. As a conclusion, we propose a general 

design rule: in order to optimize polymer adsorption and free end accessibility, the length of 

the backbone between the surface-bound segment and the first branching position in the 

branched chain should be longer than the length of the linear polymer.

3.2.3) Role of polymer-polymer interactions—The results presented so far 

corresponded to polymer mixtures in good solvent (i.e. 
χc
χ = ∞, where higher 

χc
χ  correspond 

to better solvent quality). To address the role of the solvent quality in the competitive 

polymer adsorption process, we analyzed the adsorption from a binary polymer mixture 

considering values of 
χc
χ  equal to ∞, 1.43 and 0.83 (Figure 11). Note that the parameter 

χc
χ

is a proxy for the reduced temperature of the system, i.e the polymer is in a good solvent for 
χc
χ > 1 and in a poor solvent for 

χc
χ < 1. The parameter 

χc
χ  results from normalizing the 

strength of segment-segment attractions, χ, by the critical value χc (computed in a separate 

set of calculations), which is defined as the value of χ required to trigger microphase 

separation for a neutral, planar polymer brush in the limit of vanishing surface coverage.
52, 54 It is worth to mention that all the polymer mixtures studied here are 
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thermodynamically stable as homogeneous solutions, i.e. for the moderate poor solvents 

conditions that we use, the bulk solution does not phase separate.

As the quality of the solvent decreases, we observe that polymer adsorption increases, due to 

the higher attractive forces between monomers in the polymers with respect to the solvent. 

This increase in the amount of adsorbed changes dramatically when 
χc
χ < 1 (Figure 11a). At 

the same time, the fraction of the branched polymer in the adsorbed layer increases because 

this polymer has a greater number of segments than the linear one (35 vs. 20) and, therefore, 

experiences stronger polymer-polymer attractions that compete with the steric repulsions. 

Interestingly, while the quality of the solvent affects the amount and composition of the 

adsorbed polymer layer, it has little effect on the curvature-induced partition between 

spheres and cylinders for R = 5 nm (Figure 11c). It is also worth noticing that the curvature-

induced partition for the linear polymer falls below 1 for high values of xb
bulk (Figure 11c). 

This is due to the fact that the partition results from the competition between both types of 

polymers for the available surface area and, therefore, it can become smaller than one for a 

given polymer if the other polymer in the mixture adsorbs strongly to the spherical surface, 

blocking it, as discussed above.

Finally, we observed little qualitative differences on the effect of the molecular architecture 

of the polymer chains in the competitive adsorption process when decreasing the quality of 

the solvent. As discussed in the above paragraph, there is a change in the adsorbed amount, 

the surface composition and the curvature-induced for each value of 
χc
χ , but the trends we 

observed for the good solvent conditions regarding branching and backbone effects, do not 

show significant changes (Figure S9).

4) Conclusions

In the present work, we propose a novel strategy to construct gold nanorods with chemically 

inhomogeneous coatings by using the different curvature of the tips and the body to direct 

the adsorption of the components of a polymer mixture. To test this strategy, we analyzed the 

effect of surface curvature and molecular topology on polymer adsorption from binary 

solutions on Au NR modeled as the combination of spherical and cylindrical surfaces, 

representing the tips and body of the NR, respectively. Our calculations suggest that a 

spatially resolved surface modification could be attainable by adjusting the surface 

curvature, the molecular architecture of polymer chains, and the concentration of the bulk 

solution. Combining polymers of different architecture introduces a competition between 

them for the available surface. A complex balance between repulsive forces and polymer-

surface and polymer-polymer attractions, modulated by the underlying curvature, governs 

the overall adsorption process. The composition of the surface mixture departs strongly from 

that of the bulk solution, and it depends on the curvature, morphology and specific details of 

the polymers in the mixture. We observed a curvature-induced partition between spherical 

and cylindrical surfaces that strongly depends on the radius of the curved surface, but can be 

adjusted by tailoring the molecular topology of the chains in the mixture. For the smallest 

dimensions of Au-NRs reported in the literature (R = 5nm),1, 2 the enrichment effect for the 
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branched polymer in the mixture is typically a factor of 1.5–2 (i.e. we predict the adsorption 

of approximately twice the amount of branched polymer on the Au-NR tip than on its body). 

This effect can be further increased to factors of 4–5 for R = 1 nm (Figure 9a), which may be 

achievable with nanoparticles with very sharp tips such as Au nanostars55 or with 

semiconductor NRs, whose diameters can be controlled in the few-nm range.56 Another 

possible route to increase the curvature-induced partition is to use Au nano-dumbbells,47 

whose body has a concave curvature and, therefore, exhibits a smaller available volume near 

the surface than the cylindrical body of Au NRs.

The strength of the theoretical strategy employed in this work lies in the explicit description 

of the different competing interactions, while taking full advantage of the symmetry of the 

system in order to reduce the computational cost of the calculations. Our methodology 

allowed us to perform a systematic analysis of the relevant parameters on polymer 

adsorption from binary mixtures, which included calculations on over 100 different polymer 

mixtures in 50 solutions of different compositions and solvent qualities. This type of 

systematic analysis would be out of reach using Molecular Dynamics computer simulations, 

which are currently limited to study a few cases.57 Our methodology also allowed us to ask 

questions about structure-property relationships that are very hard to observe experimentally. 

Particularly, we can outline some useful design rules that would lead to a partition of the 

branched polymer towards regions of higher curvature:

• The positions of the branching points are crucial: short branches near the surface 

have a drastic negative effect on the adsorption of the branched polymer, so in 

order to optimize the adsorption of the branched polymer, the length of the chain 

segment between the surface and the position of the first branch for a branched 

polymer should be larger than the length of the linear chain,

• Increasing the number of branches at constant backbone length decreases the 

adsorbed amount, but at the same time, it favors the partition between sphere and 

cylinders

• Using mildly poor solvent conditions allows increasing the amount of adsorbed 

branched polymer without drastically decreasing the sphere/cylinder partition.

Future work will encompass modeling systems that simultaneously combine surfaces of 

different curvature the NRs in two dimensions, which would allow us to explore Au NRs of 

different aspect ratios as well as nanoparticle shapes beyond Au NRs, such as nano-

dumbbells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Modeling strategy. a) Spatially heterogeneous surface-functionalized nanorod (NR) prepared 

by adsorbing a mixture of polymers of different molecular architecture from aqueous 

solution (Scheme not to scale). b) Schematic representation of a NR as a combination of 

surfaces of different curvature: cylinders and spheres, representing the NR’s body and caps 

respectively. c) Schematic representation of the polymer architectures and relevant 

parameters analyzed in this work.
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Figure 2: Curvature effect on polymer adsorption from one-polymer solutions.
a) Equilibrium surface coverage of adsorbed polymer as a function of the curvature for 

spherical (full lines and solid symbols) and cylindrical (dashed lines and empty symbols) 

surfaces. Results correspond to the adsorption from aqueous solutions containing one type of 

polymer of different architecture (blue and circle symbols: linear polymer of 20 monomers, 

20l; black and square symbols: linear polymer of 35 monomers, 35l; red and diamond 

symbols: branched polymer of 35 total monomers, 25 segments in the backbone and 2 

branches of 5 segments each, 35–2b). b) Partition between spheres and cylinders as a 

function of radius, for the same mixtures as in panel a.
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Figure 3: 
a) Density of surface adsorbed polymers as a function of the molar fraction of the branched 

polymer in the bulk for a mixture comprising a linear polymer of 20 monomers (20l, blue 

line dashed) and a branched polymer of 35 total monomers, 25 segments in the backbone 

and 2 branches (35–2b, red solid line) on a sphere or R = 1 nm (see scheme on the left). b) 
Partition of the linear, the branched and the total amount of polymer between a sphere and a 

cylinder of 1 nm radius. Colors and lines as in panel a. c) Volume fraction of the adsorbed 

mixture as a function of the distance from the tethering surface. Results correspond to a 

spherical surface of radius 1 nm. Upper and lower graphs correspond to the volume fraction 

of the linear and the branched polymer, respectively. Colors correspond to different 

composition of the bulk solution, as indicated in the legend.
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Figure 4: 
Composition of the surface-adsorbed mixture as a function of the molar fraction of the 

branched polymer in the bulk for different geometries and curvatures. Results correspond to 

a mixture comprising a linear polymer of 20 monomers (20l) and a branched polymer of 35 

total monomers, 25 segments in the backbone and 2 branched (35–2b, see scheme on the 

left) a) Full, dashed and dotted red lines correspond to a spherical, cylindrical, and planar 

surfaces respectively. Black dotted line corresponds to a surface composition equal to that of 

the bulk solution. Green dotted arrow indicate the partitioning for a solution with xb
bulk= 

0.9: the surface fraction of the branched polymer on a sphere of R = 1 nm is ~ 60% whereas 

for a cylinder of the same radius is ~ 35%. b) Same as panel a, but R = 5 nm for curved 

surfaces.
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Figure 5: 
Effect of polymer branching on the adsorption for polymer mixtures comprising a linear 

polymer of 20 monomers (20l) and a branched polymer with backbone length = 25 segments 

and one, two or three branches (colors blue, green, and red respectively, as shown in panel c, 

and in scheme on the upper left panel). All results correspond to curved surfaces of R = 

5nm. a) Surface density of the adsorbed linear (dash-dot lines) and branched polymer (full 

lines) as a function of the bulk molar fraction of the branched polymer for a spherical 

surface. b) Total surface density of adsorbed polymers (σtot = σl + σb) as a function of the 

bulk molar fraction of the branched polymer for spherical (full lines) and cylindrical (dashed 

lines) surfaces. c) Sphere-cylinder partition for the branched polymer in the mixture as a 

function of the bulk molar fraction of the branched polymer.
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Figure 6: 
Effect of the position of the branches with respect to the surface on the adsorption for 

polymer mixtures comprising a linear polymer of 20 monomers and the branched polymers 

depicted in the scheme, on a spherical surface of R = 5nm. The surface densities of the 

adsorbed linear (dash-dot lines) and branched polymers (full lines) are plotted as a function 

of the bulk molar fraction of the branched polymer. The colors of the lines are the same as 

those in the scheme.
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Figure 7: 
a-b) Surface density of adsorbed polymers as a function of the bulk molar fraction of the 

branched polymer for mixtures comprising a linear (20l, dash-dot lines) and a branched 

polymer (full lines) with different backbone length (20, 30, 40 monomers in blue, green, and 

red lines respectively) and containing either one or three branches (see scheme on the left). 

Results correspond to a spherical surface of R = 5 nm.
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Figure 8: 
Density of free ends as a function of the distance from the tethering surface for a spherical 

surface of R = 5 nm. Plots correspond to a mixture of a linear polymer of 20 monomers (20l) 

and a branched polymer with 3 branches and backbone length of 35 segments (50–3b, see 

scheme on the left). All the cases are for a fixed bulk composition with xb
bulk = 0.9. Dashed 

lines show the end-segment density of the backbone of the linear polymer (panels a and b). 

Full lines show the sum of the end-segment densities of the backbone and each branch of the 

branched polymer in panel a and a detail of the individual densities of each type of end 

segment in panel b.
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Figure 9: 
Partition of the branched polymer between a sphere and a cylinder of radius 5 nm (panel a) 

and 1 nm (panel b). Polymer mixtures comprise a linear polymer of 20 monomers (20l) and 

a branched polymer with one, two, or three branches (in blue, green and red respectively) 

and backbone lengths of 20, 30, and 40 monomers (in circle, square, and star symbols 

respectively, see scheme on the left). All the cases are for a fixed bulk composition with 

xb
bulk = 0.9.
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Figure 10: 
Effect of the molecular topology on the competitive adsorption of binary mixtures. a) 
Surface density of adsorbed polymers as a function of the bulk molar fraction of the 

branched polymer. The full magenta and full black lines correspond to the 50l and 50–3b 

polymers respectively. Similarly, the dashed magenta and dashed black lines correspond to 

the 20l polymer in the 20l-50l and the 20l-(50–3b) mixtures respectively (see scheme on the 

upper left panel). Results correspond to a spherical surface of R = 5 nm. b) Partition of the 

linear and branched polymers between a sphere and a cylinder of 5 nm radius for the 20l-50l 

(magenta) and the 20l-(50–3b) (black) mixtures. c) Density of free ends as a function of the 

distance from the tethering surface for a spherical surface of R = 5 nm. All the cases are for 

a fixed bulk composition with xb
bulk = 0.9. Lines and colors are indicated in the legend.
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Figure 11: 
Effect of solvent quality on the adsorption from polymer mixtures comprising a linear 

polymer of 20 monomers (20l) and a branched polymer with backbone length of 25 

segments and 2 branches (35–2b). Red, magenta, and blue lines correspond to values of 

χc/χ = ∞, 1.4, and 0.833, respectively (see legend of panel b). a) Surface density of 

adsorbed linear (dashed lines) and branched (full lines) polymers as a function of the bulk 

molar fraction of the branched polymer for a spherical surface of R = 5nm. b) Molar fraction 

of the branched polymer adsorbed on the surface as a function of the bulk molar fraction of 

the branched polymer for spherical (full lines) and cylindrical (dotted lines) surfaces of R = 

5nm. c) Partition of the linear (dashed line) and the branched (full line) polymer between a 

sphere and a cylinder of 5 nm radius as a function of the bulk molar fraction of the branched 

polymer.
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