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Abstract

Two different classes of hairy self-suspended nanoparticles in the melt state, polymer-grafted 

nanoparticles (GNPs) and star polymers, are shown to display universal dynamic behavior across 

a broad range of parameter space. Linear viscoelastic measurements on well-characterized silica-

poly(methyl acrylate) GNPs at fixed core radius (Rcore) and grafting density (or number of arms 

f), but varying arm degree of polymerization (Narm) show two distinctly different regimes of 

response. A colloidal Regime I at small Narm (large core volume fraction), with a predominant 

low-frequency solid-like colloidal plateau and ultraslow relaxation, and a polymeric Regime II at 

large Narm (small core volume fractions), with a response dominated by the star-like relaxation of 

partially interpenetrated arms. The transition between the two regimes is marked by a cross-over 

where both polymeric and colloidal modes are discerned albeit without a distinct colloidal plateau. 

Similarly, polybutadiene multiarm stars also exhibit the colloidal response of Regime I at very 

large f and small Narm. The star arm relaxation model and a simple scaling model of nanoparticle 

escape from the cage of neighbors by overcoming a hopping potential barrier due to their elastic 
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deformation, describe quantitatively the linear response of the polymeric and colloidal regimes, 

respectively, in all these cases. The dynamic behavior of hairy nanoparticles of different chemistry 

and molecular characteristics, investigated here and reported in the literature, can be mapped 

onto a universal dynamic diagram of f

Rcore3 /v0
1/4  as a function of 

Narmv0f

Rcore3 , where v0 is the 

monomeric volume. In this diagram, the two regimes are separated by a line where the hopping 

potential ΔUhop is equal to the thermal energy, kBT. ΔUhop can be expressed as a function of the 

overcrowding parameter x, i.e. the ratio of f to the maximum number of unperturbed chains with 

Narm that can fill the volume occupied by the polymeric corona, hence this crossing is shown to 

occur when x=1. For x>1 we have colloidal Regime I with overcrowded volume, stretched arms 

and ΔUhop > kBT, while polymeric Regime II is linked to x<1. This single material parameter x 
can provide the needed design principle to tailor the dynamics of this class of soft materials across 

a wide range of applications from membranes for gas separation to energy storage.

INTRODUCTION

Grafting polymer chains onto a nanoparticle is a typical strategy to promote miscibility and 

homogeneity in nanocomposites.1–5 Grafted nanoparticles (GNP) comprise a hard inorganic 

(hydrophilic) core and an organic (polymeric) shell; their surfactant-like structure makes 

them attractive as hybrid building blocks for hierarchical assemblies and new functional 

materials.6 The presence of grafted chains prevents nanoparticle aggregation, although this 

strongly depends on the surface coverage. Interparticle interactions can be strongly affected 

and tuned by changing the degree of polymerization of the tethered chains, the grafting 

density, the grafting density distribution and the size of the core. Most often, GNPs are 

dispersed in a matrix of polymer chains or oligomers having the same chemistry as the 

grafted chains. Several theoretical, experimental and computational approaches have been 

used in the last 30 years to investigate the structural properties and dynamics of these 

systems.3–14

When GNPs or star polymers (which represent the limiting case of GNPs with a very small 

core) or ordered block copolymer spherical micelles are self-suspended in the melt state, 

i.e., in solvent-free conditions, they interact in a completely different way in comparison to 

the case in which they are placed in a polymeric matrix or a molecular solvent.3,15–28 This 

is the focus of the current work. In fact, GNPs with high enough grafting density and long 

enough grafted chains are well-dispersed and interact primarily via their coronas which can 

interpenetrate.14 It was shown4 that such suspensions exhibit multiscale structural transitions 

(e.g., the GNPs organize into crystalline lattices) and improved conformational stability as 

a result of strong steric repulsion between the grafted chains and space-filling constraints 

on the tethered chains in the single-component self-suspended material. Recently, it has also 

been shown that self-suspended GNPs are characterized by slow equilibration dynamics 

and structural evolution with time.29 In fact, Archer et al.29 determined, by using a 

combination of rheological and X-ray scattering measurements, that neat GNPs exhibit 

structural peaks which become enhanced over time, as a consequence of the significant 

equilibration process involving local rearrangements of the grafted chains. This feature was 

shown to be accompanied by an increase of the strength of the effective cage (which reflects 
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the topological constraints of neighboring particles), as evidenced by the time evolution of 

the plateau storage modulus. Another study20 reported the absence of terminal flow within 

the experimentally accessible time window. Such behavior was attributed to the coupling 

between arm interpenetration and particle localization (due to interparticle interactions); 

however, there was no explicit discussion of structural or jamming dynamics, i.e., the 

decoupling of polymeric and colloidal modes.

In this context, it is instructive to consider multiarm star polymer melts, which represent 

an important class of model self-suspended grafted nanoparticles (with zero core radius) 

which have been investigated extensively.30–32 In particular, it was shown that melts of 

stars with a functionality f =64 or 128, and number of entanglements per arm between 4 

and 43 exhibit a two-step stress relaxation, comprising a polymeric arm relaxation and a 

slow colloidal mode.13,33 The latter was associated with the liquid-like ordering of the stars 

and attributed to a cooperative hopping process akin to cage escape in colloidal glasses.33 

Recently, experimental results with stars of very high functionality (f >850) and low arm 

size (2–3 entanglements) indicate a substantial dynamic arrest with dramatic slowing-down 

of the topologically constrained colloidal mode, which was assigned to colloidal jamming.34 

These findings call for a deeper understanding of the colloidal jamming transition in melts 

of hairy nanoparticles and question its potential universality with a final ambitious goal to 

obtain the needed ingredients to describe jamming from hard spheres (point contacts, see 

also Figure S1 of the SI) to deformable impenetrable spheres (facets) to hairy spheres and to 

star polymers (interpenetration).

Recent simulations8 have shown that the structural relaxation of self-suspended GNPs with 

long chains have higher relative diffusivities than their short chain counterparts, which 

may exhibit caging analogous to that of hard spheres. Depending on the GNP’s internal 

microstructure, i.e., the number and size of grafted chains, the segments of the grafted chains 

near the particle surface can be stretched or effectively frozen. A point of crucial importance 

is the degree to which the coronas of densely grafted particles can interpenetrate. Theoretical 

analysis of polymer brushes in contact with chemically identical homopolymers shows that 

low molar mass homopolymers (free melt chains penetrate and swell the brush), whereas for 

high molar mass homopolymers this interpenetration and swelling occurs only partly.35–37 

For pure GNP melts with the same grafting density, increasing the size of the grafts should 

initially reduce the relative amount of interpenetration due to enhanced stretching of the 

inner section near the core.33,35,36 However, further increases in the graft size would saturate 

the inner chain stretching and increase the interpenetration like in star polymers. Recent 

coarse-grained molecular dynamics simulations on GNP melts38 demonstrated that the chain 

extension free energy is nonmonotonic as the molar mass of the grafted chains increases 

at a fixed grafting density. A maximum in free energy was detected, corresponding to 

the crossover from a dry layer-dominated to an interpenetration layer-dominated brush 

conformation regime.38

In the past few years, GNPs were proposed as promising candidates for gas separation 

membranes.39–43 Membranes of self-suspended poly(methyl acrylate)-grafted silica 

nanoparticles exhibited elevated gas permeability with respect to the corresponding linear 

polymer chains.43 The effectiveness of these membranes depended on the molar mass of 
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the tethered chains in a non-monotonic way. This was linked to an increase in effective free 

volume, which was defined as the unoccupied (interstitial) volume, which in turn depended 

on the grafting density and the graft molar mass.15,44 These interesting developments and 

related technological challenges necessitate the ability to tailor the properties of GNPs. 

Hence, they pose a fundamental question: how do the dynamics of self-suspended GNPs 

depend on their internal microstructure?

In the present work, we address the above challenge using a series of poly(methyl acrylate)-

grafted silica nanoparticles (PMA- SiO2), which essentially have a fixed grafting density 

but different degrees of polymerization (see Table M1) and multiarm polybutadiene stars of 

very high functionality and relatively small arm degree of polymerization (see Table M2). 

It was shown in previous investigations15,30 that such model nanoparticles with a uniform 

grafting density are homogeneously distributed into a spatially amorphous structure. We 

quantitatively describe the polymeric and colloidal contributions to the dynamics of these 

soft colloids. We identify the threshold marking the transition from polymeric-dominated 

to colloidal-dominated response, and propose a generic dynamic diagram, where data from 

star polymers and GNPs are unified into a plot with regimes corresponding to different 

behaviors.

RESULTS AND DISCUSSION

Linear viscoelastic properties.

Master curves of the storage moduli, loss factors, and shift factors for GNP samples 196k, 

94k and 33k (we use for simplicity this nomenclature, see Table M1) are shown in panels 

A, B and C of Figure 1, respectively (full spectra are provided in Figure S2 in the SI). The 

master curves of the storage moduli G′ (Figure 1A), are obtained from the time temperature 

superposition principle (tTS) (see Figure S3 of the SI for the validity of the tTS) and 

creep conversion (see Figures S4–S7); they cover nearly 16 decades in frequency, from 

the glassy regime to the structural relaxation of the system. The master curves are shown 

at the same temperature distance (40 °C) from the glass transition temperature (Tg), as 

an increase in silica content resulted in a slight Tg increase (see Table M1 and Figure S2 

of the SI). Under these conditions, monomeric iso-friction conditions are guaranteed for 

comparison among particles with different degrees of polymerization (or silica contents). 

Moreover, we note that the combination of high grafting densities and topology, which 

is responsible for the “dry” and “wet” layer conformations of GNPs and stars, gives rise 

to regimes of distinct local mobility.45–47 In the present work we focus on large-scale 

dynamics associated with the response of grafted arms and of the entire nanoparticle. The 

results indicate rich relaxation dynamics with both polymeric and colloidal contributions 

observable in the same rheological spectrum and occurring at different time (and length) 

scales. These spectra show qualitative resemblance with recent results obtained for star 

polymers of very high functionality.34 With decreasing frequency, all the specimens show 

a glassy regime (in high-frequency region for ωaT>105 rad/s in Figure 1A) followed by a 

transition region and a polymeric plateau associated with arm entanglements. The latter is 

consistent with the behavior of pure PMA chains (about 0.25 MPa).48 However, an increase 

in the plateau value is detected as the silica content in the samples increases (or the degree 
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of polymerization of the tethered chains decreases). This filler reinforcement effect follows 

a Guth-Gold49,50 trend with the silica volume fraction (see Figure S8 of the SI). The chain 

entanglement plateau extends on the frequency scale as the degree of polymerization of the 

grafted chains increases (see Figure 1A). This is reminiscent of the arm retraction relaxation 

mechanism51 reported in several experimental studies on star polymers.33,52 Indeed, if one 

imagines grafting significantly longer chains, so that the core becomes relatively small in 

size as compared with the polymer chains, the star-polymer limit should be reached, which 

is apparently the case for the 196k sample (green line), i.e., the linear viscoelastic modulus 

decreases with decreasing frequency until the terminal regime is reached, as expected.52

A more interesting behavior is observed when the grafted chains are shorter. Indeed, for 

Marm ≤ 94 kg/mol (with about 8.5 entanglements) we see an unambiguous additional mode 

characterized by a low-frequency plateau, which is about 100 times lower in comparison to 

the entanglement plateau, and an eventual relaxation which is about 1000 times slower than 

for the 196k sample. Despite the eventual terminal relaxation, we attribute this unusually 

slow time and low plateau modulus to a jammed colloidal material (i.e., with predominant 

solid-like character),29,34 as discussed further below. It should be noted that soft colloidal 

glasses with an observable alpha relaxation have been discussed in the literature.16–18,53,54 

These findings suggest that upon reducing the arm molar mass, the polymer-dominated 

response is augmented by a hierarchical relaxation mechanism where arm retraction is 

followed by a colloidal relaxation process. Colloidal cage-escape55,56 dynamics continue 

until structural relaxation of the system takes place, as proposed for multiarm star 

polymers.33,34 It is important to note that the lowest four frequency decades are not 

accessible by means of the tTS, as the temperatures required to reach these frequencies 

in conventional small-amplitude oscillatory shear measurements are prohibitively high and 

the samples would degrade. To overcome this issue, creep experiments were performed and 

the measured compliances were converted into dynamic moduli (see Figures S4–S7 of the 

SI).57–59

Rheological spectra can also be analyzed using the loss factor (tan δ = G″/G′) as a 

function of frequency (Figure 1B). This representation facilitates the determination of the 

characteristic times of the materials, as the inverse frequency at the loss factor peaks or 

the moduli crossover (tan δ=1), as indicated by arrows in Figure 1B.60,61 From high to low 

frequencies the following characteristic reciprocal frequencies (identifying relaxation times) 

are depicted in Figure 1B: the segmental relaxation time of a Kuhn monomer τ0, the Rouse 

relaxation time of an entanglement strand τe, the arm retraction time τarm and the structural 

or terminal relaxation time τterm. Note that τ0 and τarm refer to relative maxima in tanδ, 

which imply maximum viscous dissipation in the system, while τe and τterm are estimated 

as the inverse frequency at which tanδ = 1.51,61 Whereas there is a clear distinction between 

τarm and τterm for samples 94k and 33k, only one characteristic time, τterm, is clearly 

observed for sample 196k (with about 18 entanglements), as the colloidal regime disappears 

and arm relaxation apparently becomes the terminal relaxation process. Moreover, τe and τ0 

are independent of the degree of polymerization of the chains (provided that the polymers 

are at least one entanglement long) and coincide for all the systems (see Table S1 of the 

SI). The frequency dependence of the loss factor can also serve to obtain the polymeric 
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intermediate-frequency plateau modulus, Gplateau, and the colloidal low-frequency plateau 

modulus associated with entanglements, GLF, as discussed below. These quantities coincide 

with the storage modulus at the angular frequency where the loss factor exhibits a relative 

minimum, in other words, where the elasticity of the system is the highest (see the arrows 

in Figure 1B). The characteristic times and plateau moduli are reported in Table S1 of the 

SI. Note also that for all the GNP melts studied we found uniform spatial organization of 

densely packed objects whose center-to-center distance scales with the total molar mass with 

a power-law exponent of 1/3 (see Figures S26–27 and X-ray scattering analysis section of 

the SI).

Horizontal (aT) and vertical (bT) shift factors are reported in Figure 1C along with those 

for pure PMA linear chains. The aT values for the GNPs do not differ from the pure PMA 

chains and their temperature dependence is well-described by the Williams-Landel-Ferry 

(WLF) empirical equation62 with constants C1 = 6.9 and C2 = 93.2 K at Tref = 60 °C 

(neat PMA). This highlights an important finding, that despite of the existence of the 

colloidal mode, the dynamics are still controlled by the monomeric friction dependence on 

temperature. This may not be the case for lower grafting densities but this challenge goes 

beyond the scope of this work. The vertical shift factors bT only depend on the temperature 

variation of the PMA density and can be described by a polynomial function of the absolute 

temperature, as reported in the literature.63 The density varies by less than about 20% over 

the range of temperatures investigated. One may argue that the experimental samples contain 

a large fraction of silica, hence, this should be also taken into account for the density 

variation. However, significant density variations for silica are only expected above 2000 

K,64 well above the temperature range probed in our experiments.

Simple model for the dynamics of jammed GNPs.

The main finding of this work is that the GNP melts undergo a viscoelastic liquid-to-

jamming transition for grafted arm molar masses between 94k and 196k. It is important to 

emphasize that the experimental signatures of jamming are the presence of a low-frequency 

plateau modulus and an extremely slow or inaccessible terminal relaxation. To better 

understand this transition, as well as the tendency for the largest grafted arm 196k sample 

to behave akin to a star polymer melt, we examined separately the polymeric and colloidal 

contributions to stress relaxation. To this end, we followed a synergistic three-step approach 

consisting of (i) the analysis of arm relaxation through tube modeling (for entangled arms), 

(ii) consideration of the structure of the grafted polymer layer with a region close to core 

where chains of neighboring particles cannot penetrate (dry layer), and an outer region 

where chain interdigitation occurs (wet layer), and (iii) analysis of the colloidal cage escape 

mode by invoking a hopping potential of the elastically deformed jammed particles.

First, we analyzed the polymeric response using the Milner-McLeish (MM) tube model 

for stars33,65 accounting also for fast Rouse and longitudinal modes.66,67 We identified 

the experimental polymeric relaxation time (Figure 1B, Table S1), and determined the 

fraction of the grafted arm seff that relaxes according to the MM model (i.e., the degree 

of interpenetration), by fitting the theoretical stress relaxation modulus G t  (which is a 

function of the size of the disentangling sections of arms) up to a characteristic size that 

Parisi et al. Page 6

ACS Nano. Author manuscript; available in PMC 2022 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



corresponds to the experimental polymeric time. Even though this time represents only the 

relaxation of a fraction of the arm (seff), we call it τarm hereafter. The relaxation modulus 

G t  as per Milner-McLeish is given by

G t = Gplateau
1
Z ∑

p = Z

Narm
exp − 2p2t

τR
+ 1

5Z ∑
p = 1

Z − 1
exp − 2p2t

τR

+ x + 1 ∫
0

seff
1 − s xexp −t

τarm s ds
(1)

where the first two terms in the right-hand side of eq.1 represent the fast Rouse and the 

longitudinal modes, respectively, with τR being the Rouse time of the arm, estimated as 

τR=τeZ2, and τe is the relaxation time of an entanglement strand containing Ne monomers, 

and Z=Narm/Ne is the number of entanglement strands per chain. The quantity x = 4/3 

is the dilution exponent,51,65,68 and τarm s  is the arm relaxation time involving the early 

sub-diffusive and the late activated modes, as described by the MM model.33,65 The upper 

limit of the integral seff is determined from the fit to the experimental data and provides a 

decent approximation of the fraction of the arm that has relaxed via arm retraction. This 

scenario is illustrated in the idealized schematic shown in Figure 2. The grafted chain can 

be divided into two sections: (i) an inner “dry” layer which is close to the nanoparticle 

core and is not interpenetrated by the chains of neighboring nanoparticles, and (ii) an outer 

layer, which is interpenetrated by chains from other GNPs and is called “interpenetrated 

or wet layer”.34–36,38 The former comprises a fraction (1-seff) of the grafted chain which 

we propose, as a first approximation, to be associated with an average molar mass M1-seff 

= (1-seff) Marm, and the latter corresponds to a chain fraction seff with a respective molar 

mass Mseff = seff Marm. We emphasize that, while in our analysis we used the average molar 

mass of the interpenetrating arm, however, in reality, there is a distribution in each layer that 

may lead to a broader spectrum of arm retraction times; this has been treated rigorously in 

the literature.33,69 We also ignored the fact that not all the arms are expected to enter the 

interpenetration zone. Depending on their internal microstructure (which is controlled by f 
and Narm), there are GNPs exhibiting predominantly a jammed colloidal response (Regime 

I in Figure 2) and GNPs with a polymeric response (Regime II in Figure 2). It should be 

noted that application of the MM tube model to highly grafted brushes with a low Marm, 

Z <5, is not rigorous,34 and hence we mainly restrict our discussion to brushes with Z 

> 5. The transition from the “predominantly colloidal” Regime I, where the GNP melts 

exhibit jammed colloidal response akin to caged particles,34 to “predominantly polymeric” 

Regime II, where relaxation of the mutually interpenetrated grafted arms controls the GNP 

response, is not sharp. Instead, there is an intermediate situation without clear colloidal 

plateau, with arm retraction and colloidal relaxation modes close to each other, albeit 

distinct, corresponding to a colloidal hopping potential (discussed below) exceeding thermal 

energy and well-entangled arms (see Figures 8 and S2, S16, and S17 of the SI).

Typical MM fitting results (eq. 1) are presented in Figure 3 for two cases: a polymeric-arm 

dominated Regime II (for the highest arm molar mass studied, 196k) and a situation where 

both polymeric and colloidal responses are clearly discerned (for Marm=94kg/mol). This 
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figure depicts the dynamic moduli, after converting the stress relaxation modulus of eq. 

1,60 and the resulting effective degree of polymerization of the interpenetrated sections of 

arms (seff) determined from these fits is listed in the legend. The fits to the MM model for 

the other arm molar masses are reported in Figures S15–S20 of the SI. GNPs with long 

arms, i.e., Marm > 94 kg/mol, are not jammed (the potential barrier for colloidal hopping 

discussed below is lower than kBT and Z>>1) and relax similarly to star polymers (Regime 

II in Figure 2), while GNPs with shorter arms (Marm ≤ 94 kg/mol) exhibit a response akin 

to soft colloidal jamming (Regime I in Figure 2). The results of the MM fits in terms of 

arm relaxation time and interpenetrated Kuhn degree of polymerization (corresponding to 

fraction seff, of the grafted arm in Figure 2) are reported in Table S3 of the SI. A more 

rigorous determination of the degree of polymerization of the interpenetrated layer, Ninter, 

is based on the use of a brush conformation model and is presented in the SI (Figures S12 

and S13A). Once the average Ninter in each layer is known, the respective thickness can be 

estimated from the brush conformation model (Figure S13B). In this context, the fraction 

of dry (non-interpenetrated arm) material, expressed as the ratio Mdry/Marm, was also 

determined and is displayed in Figure S14. This quantity is inherent in the overcrowding 

parameter, x, which is the ratio of number of grafted arms f to the maximum number of 

unperturbed chains with Narm that can fill the volume occupied by the polymeric corona (see 

SI and Ref. 38). We show below that this single parameter determines the predominantly 

polymer or colloidal response in the GNPs and other hairy nanoparticles.

We now analyze the slow colloidal response of the GNPs and in particular those belonging 

to the jamming Regime I. In this case, after relaxation of their arms, the GNPs remain 

jammed, i.e., trapped into effective cages and attempt to escape them by hopping. To 

undergo hopping between neighboring cages, a GNP needs to overcome a free energy barrier 

Δ Uℎop.33,34,70–72 The cage escape process is characterized by a terminal relaxation time

τterm ≈ τattemptexp Δ Uℎop
kBT (2)

where the attempt time τattempt is estimated following the analysis of Kapnistos et al.33 

We suggest that the cage escape of GNPs with respect to their neighbors requires 

disengagement/re-engagement of the arms and hopping. The friction coefficient of a GNP 

is proportional to the number of arms, f = 378 times the effective friction per arm ~ 

kBTτarm/ ΔR 2. We estimated the displacement of the interpenetrated section of an arm 

during retraction (over the time scale τarm) by the thickness of the interpenetrated zone (red 

section in Fig. 2), ΔR ≈ bNinter
1/2 , considered to be Gaussian,33,38 with b= 1.47 nm being the 

Kuhn monomer length.48 The corresponding displacement of the entire GNP due to single 

arm retraction is ΔR
f . The mean square displacement for such a single event is ΔR 2

f2 , while 

there are f such events during the time interval τarm. This yields an “attempt” diffusion 

coefficient for the GNP within a cage:
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Dattempt ≈ f ΔR 2

τarmf2 (3)

The hopping step has a very low probability in this crowded environment, and hence many 

attempts are needed for a jammed GNP to escape from its effective cage. The respective 

attempt time is on the order of the diffusion time of the GNP over a distance comparable to 

its total radius R in the absence of potential barrier, where the total radius of the GNP is

R = Rcore
3 + 3

4πv0fNarm
1/3

(4)

Rcore = 8 nm is the average (volume averaged) radius of the silica core, Narm is the Kuhn 

degree of polymerization of the graft with a molar mass Marm, v0 =
M0

NAρ  is the volume of 

the Kuhn monomer (v0 = 0.673 nm3 for a Kuhn molar mass M0 = 494.6 g/mol48 and ρ = 

1.22 g/cm3 63). The total particle radius calculated from eq. 4 is in good agreement with the 

characteristic length extracted from X-ray measurements (see Figures S26 and S27 of the 

SI).

The attempt time is therefore proportional to the square of the diffusion distance R2 divided 

by the attempt diffusion coefficient Dattempt (eq. 3), which yields:

τattempt
R2

Dattempt
= aτarmf R2

Δ R 2 (5)

where a is a coefficient determined from the best fit of the experimental terminal relaxation 

times as discussed below; it is found to be equal to 2. The arm relaxation time τarm in eq. 

5 can be estimated either by using the experimental value (Figure 1 and Table S1) or with 

the MM model, using Ninter extracted from the two-layer brush conformation model (see 

Table S4 of the SI and Figure 8 below).38 The GNPs with the largest Marm > 130 kg/mol 

are excluded from this analysis, as in the absence of a colloidal barrier the stress is mainly 

relaxed by τarm. Indeed, as already mentioned, this Marm marks a threshold, beyond which 

(for longer arms) the terminal relaxation of a GNP is dominated by arm retraction (the dry 

zone fraction is small enough for the GNPs to diffuse past each other without the barrier, see 

Figures S13, S14 and Table S5 of the SI).

The hopping potential Δ Uℎop represents the barrier for cage escape of the GNP with a 

certain attempt time, and is approximated below by means of a simple scaling analysis, 

which is based on the compression of a GNP by its neighboring GNPs during its hopping 

step. Let us consider such a caged GNP in Figure 4 and assume, for simplicity, that it forms 

three facets during the transition state of the hopping process between neighboring cages. 

The overall GNP deformation γGNP  is its fractional compression, i.e., γGNP = 1 − D
R , where 
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D represents the size the deformed particle (of initial radius R) as depicted in Figure 4 

(estimated values are reported in Table S6 of the SI). The hopping potential is the change 

in elastic energy of the GNP due to extension of its arms (from initial length hpol to h’pol) 

because of the creation of the facets (see Figure 4). It is proportional to the change in 

respective elastic energy per arm, 
ℎ′pol2

b2Narm
−

ℎpol2

b2Narm
 (see also Figure S21 of the SI). In 

addition, we need to account for the number of chains per facet as well as the number of 

facets (three for the examined GNP and one for each of its three neighbors in the cage, i.e., 

a total of six facets, see Figure 4). We combined all these coefficients into a single parameter 

A times the number of arms f and expressed the activated hopping model potential as

Δ Uℎop = Af ℎpol
2

b2Narm
− ℎ′pol

2

b2Narm
kBT (6)

The explicit form of the hopping barrier height is

Δ Uℎop = Af R2 − D2 + D − Rcore
2

b2Narm
− R − Rcore

2

b2Narm
kBT (7)

Using the expression for the GNP radius R (eq. 4) we can estimate the free energy barrier

Δ Uℎop
kBT = B f

Rcore
3 /v0

1/4

4/3
Rcore

3

v0fNarm

2/3
1 + Rcore

3

v0fNarm

1/3
(8)

where the coefficient B = 2A
3v0

4πb3

2
3 1 − D

R .

Dynamic state diagram.

The condition Δ Uℎop = kBT  which marks the transition from polymeric response without 

barrier to colloidal response, corresponds to

f
Rcore

3 /v0
1/4 = B−3/4 Narmv0f

Rcore
3

1/2
1 + Rcore

3

v0fNarm

−1/4
(9)

Since 
Rcore3

v0fNarm
≪ 1 in the GNPs and stars (for systems investigated this ratio is ≤0.033), 

we can simplify the above equation and obtain a simple approximation for the boundary 

separating Regimes I and II:

f
Rcore

3 /v0
1/4 = B−3/4 Narmv0f

Rcore
3

1/2
(10)
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In Figure 5 we plot experimental data of the normalized number of arms f

Rcore3 /v0
1/4  as 

a function of the normalized arm size 
Narmv0f

Rcore3  for various experimental GNPs and stars 

which have been identified to exhibit polymeric (filled symbols, Regime II) or jammed 

colloidal (open symbols, Regime I) behaviors, while some (noted by X) exhibit a second 

weak relaxation mode without a well-discerned low-frequency plateau (extending over 

at least one decade); it this situation, Δ Uℎop may slightly exceed kBT  and Z>>1 (in 

fact, it is Zs,eff=Ms,eff/Me >>1, see Figure 3 and SI). The line separating the polymeric 

and colloidal responses (Regimes II and I, respectively) is the above eq.10 with a value 

of the fit parameter B=0.1. This result is very satisfactory and appears to be universal. 

Details about the investigated multiarm star polybutadienes (1,4-microstructure) with very 

high branching functionalities (ranging from 875 to 2828, see Table M2), which exhibited 

colloidal jamming response, are provided in Figures S23–S25, and S27 of the SI.

To justify the values of the parameters A and B, we consider that the average deformation 

γGNP = 1 − D
R  is in the range 0.1 to 0.3. The respective surface of the spherical cap 

deformed by γGNP  is 2πR(R-D) and occupies a fraction of the total GNP surface of 

2πR R − D
4πR2 =

γGNP
2 = 0.05 − 0.15 . The number of chains per facet is 

γGNP
2 f . For a total 

of six facets, this leads to A = 2πR R − D
4πR2 6 = 3γGNP  ≈ 0.3 – 0.9. Note that a number 

of simplifications/assumptions were used: The degree of interpenetration per arm was 

considered to be the same, the number of facets was assumed to be 3×2=6, and the 

deformation per arm was considered to be the same. Since the parameter 
3v0

4πb3
2/3

 for 

different chemistries does not vary substantially (see also SI), we assigned an average value 

of 0.15 to this parameter. This yields values of B ranging from 0.03 to 0.09, which is close to 

the value 0.1 selected above. As a consistency check, we compared the potential from eq. 8 

with the potential extracted from eqs. 2 and 5 using experimental data for terminal and arm 

times, and found that the agreement was reasonable (see Figure S22 and Table S7 of the SI).

Using the definition of the overcrowding parameter x = f
πb2
v0

Rcore3 +
3fNarmv0

4π
1/3  (see also SI 

and Ref.33) and eq.9, we can re-write eq.8 as

x = Bf

π bNarm1/2

fv0
1/3

bNarm1/2

Rcore
(11)

This equation reflects the condition ΔUhop=kBT, expressed in terms of x, with the right-hand 

side representing a normalized functionality of the hairy nanoparticle. The inset of Figure 5 

plots the same experimental data in terms of this normalized functionality versus x. The data 

virtually collapse onto a power-law line with exponent of about 7/3. The dashed line is eq.11 

Parisi et al. Page 11

ACS Nano. Author manuscript; available in PMC 2022 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with B=0.1 and crosses that data at the point (1,1), which marks the universal transition 

from colloidal response (Regime I) for x>1 to polymeric (Regime II) for x<1. Hence, x is 

the single material parameter to design such systems with desired colloidal vs polymeric 

response.

Plateau modulus and cage escape.

With the hopping potential being able to describe reasonably the free energy barrier for a 

GNP to escape from its colloidal cage, as judged from the dynamic diagram of Figure 5, we 

now use eq.8 to determine the colloidal plateau modulus, which is the hopping barrier per 

particle volume, GLF =
Δ Uℎop

R3 , and normalize it by the thermal energy per particle volume:

GLFR3

kBT = CB f
Rcore

3 /v0
1/4

4/3
Rcore

3

v0fNarm

2/3
1 + Rcore

3

v0fNarm

1/3
(12)

In this equation C is a prefactor which we determine below, while B=0.1 as alredy 

explained. Reorganization of eq.12 at the transition state where Δ Uℎop = kBT  (i.e. by 

combining with eq. 11) yields

GLFR3

kBT ≈ C (13)

We plot in Figure 6 the experimental 
GLFR3

kBT  as a function of the overcrowding parameter 

x. As expected, the normalized modulus is defined only for x≥1 and increases with x. 

Extrapolation to x=1 yields 
GLFR3

kBT = 5, which is the above extracted value of C, consistent 

with eq.13. Using C=5 we can determine the normalized low-frequency modulus from the 

right-hand side above of eq.12, which is in very good agreement with the experimental data 

for both GNPs and stars (see Table S8 of the SI).

The terminal time τterm, calculated from eqs. 2, 5 and 8 (using a = 2 and B=0.1) and 

extracted from the experimental data, is presented in Figure 7 where the different relaxation 

times are plotted as a function of Z = Narm/Ne (see also Table S7). The agreement of 

this simple model with the experimental data is quite satisfactory, with a notable deviation 

for the 130k sample (Narm=263, Z≈12). This is expected, as the potential is larger in 

the jammed regime with large differences between the terminal and arm relaxation times 

(and large ΔUhop), whereas in the polymeric high-Z regime there is no attempt process 

(see Figure 3 and Figures S15–S20 of the SI) and the MM model works satisfactorily. 

The terminal relaxation time is nearly constant for Z < 10 (while the arm relaxation 

time increases), and much larger than the arm relaxation time (up to 5 decades), while it 

decreases for larger Z values, eventually approaching the arm relaxation time. The open 

red and blue circles in Figure 7 represent the τarm estimated from the MM best fit to the 

experimental data (as outlined above) and the MM model prediction based on the relaxation 
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of arm segments with a degree of polymerization Ninter calculated with the two-layer model, 

respectively (see Figures S15–S20 of the SI). The deviations suggest there are still subtle 

details in both the two-layer model and the MM analysis of arm relaxation in densely grafted 

nanoparticles and require further consideration in the future. However, they do not affect the 

emerging clear picture of transition from polymeric to colloidal dynamics at x=1 (at about 

Z≈12 for the present GNPs) as presented in Figure 5. Note that Ninter and Nseff deviate as 

Z increases (see Figure S13), and the associated arm relaxation times extracted from the 

two-layer and MM models differ. We attribute this, in part, to the approximate formulation 

of the partial arm retraction model in eq.1, as well as the fact that the two-layer model 

is essentially applicable for x≥1 (since for x<<1 it considers that arms overlap only with 

nearest neighbors), but more work will be needed to properly address this point. Another 

important point is the fact that a sizeable core would induce a steric repulsive constraint 

(retardation) on the arm retraction process, which is not accounted for here.77,78 The ratio 

Rc / <R2>1/2 is small in the studied experimental nanoparticles (it varies from 0.27 to 0.48 

for GNPs and 0.29 to 0.44 for stars) but not negligible, hence its role on arm retraction 

should also be addressed in the future (along with possible chain stretching near the core). 

In this context, we recall that the largest discrepancies in the values of Ninter extracted from 

the MM fit were observed for the largest values of Rc / <R2>1/2. We emphasize that these 

considerations could lead to improvements in the quantitative description of the dynamics, 

which however do not influence the message of the present work. Also depicted in Figure 7 

are the predicted τterm (open inverted triangles), from eq.2, and attempt τattempt (asterisks), 

from eq.5, times which are discussed below in the context of the slow mode analysis. The 

remarkable structural change experienced by the GNPs with increasing Narm is also reflected 

in the dependence of their zero-shear rate viscosity on Marm (see Figure S11 of the SI).

CONCLUSIONS

We have shown how to decouple the dynamics of self-suspended hairy particles (grafted 

nanoparticles and star polymers in the melt state) into polymeric and colloidal contributions, 

and at the same time, their dynamics can be tailored from polymeric (viscoelastic liquid) 

to jammed colloidal, by varying the size of the grafted chain at fixed grafting density and 

core size. The former can be described quantitatively by a tube-based arm relaxation model 

and the latter by invoking a simple hopping model based on the elastic deformation of 

the caged particles. A transition from polymeric to jammed colloidal response is observed 

when the hopping potential becomes ~kBT. which is shown to correspond to a value of the 

overcrowding parameter x=1. Hence, this structural parameter is now linked to the energetic 

barrier for hopping. Further, this allows constructing a universal dynamic state diagram 

in terms of normalized number of arms f

Rcore3 /v0
1/4  as a function of their normalized 

size 
Narmv0f

Rcore3 , applicable to a wide range of self-suspended hairy nanoparticles. Despite 

its simplicity our approach is robust and represents a first-order guide for the cross-over 

between colloidal and polymeric regimes in this class of materials, which is controlled by a 

single materials property, the overlapping parameter x. There are still many open questions 

such as how variations in chain extension in the dry zone can modify the arm retraction 
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model, or how to make the hopping potential model more realistic by better estimating 

the number of facets, the number of arms in the interpenetration zone and the degree of 

interpenetration per arm.

Experimental Details

Materials and Methods

Grafted nanoparticles: Poly(methylacrylate) (PMA)-grafted silica (SiO2) nanoparticles 

(16±4 nm core diameter, 0.47±0.4 chains/nm2 grafting density) were synthesized by the 

surface-initiated reversible addition-fragmentation chain transfer polymerization (SI-RAFT) 

technique.1,79 Details on the synthetic process and the reaction mechanisms can be found 

elsewhere.80 The molecular characteristics of the investigated systems are reported in Table 

M1. The entanglement molar mass of PMA is 11 kg/mol. Details on differential scanning 

calorimetry measurements and thermal gravimetric analysis (TGA) are described in Ref. 80. 

Small angle X-ray scattering results are shown in Figure S26 of the SI. The samples were all 

studied in the molten state. To mold the samples, approximately 65–75 mg of material was 

loaded into an 8 mm diameter stainless steel vacuum mold to yield disks of approximately 

800–1000 μm thickness. Vacuum was applied inside the mold by connecting a hose on the 

chamber to the inlet of an air compressor. The mold was heated to 80 °C for 20 minutes 

and then allowed to cool gradually to room temperature, while maintained under vacuum. 

Depending on the experiment, 4 mm and 2 mm disks were also used.

Multiarm star polymers: Polybutadiene (1,4 microstructure) stars, synthesized and 

characterized as described by Gauthier and Munam,81 were used for additional data (see 

Table M2 for the molecular characteristics). The new stars used here have the following 

characteristics (based on chemical characterization)81: f = 1114, Marm = 1270 g/mol and 

f = 2828, Marm = 1300 g/mol, with polydispersity below 1.1, see Table M2. Small angle 

X-ray scattering results for some stars are reported in Figure S27 of the SI. Specimens for 

rheological tests were press-molded under vacuum into 4 mm disks.

Small Amplitude Oscillatory Shear and Creep measurements: Oscillatory shear 

experiments were conducted on an ARES stress-controlled rheometer using either an 8, 4 

or 2 mm parallel plate geometry. The temperature was controlled by a convection oven 

fed with nitrogen gas to minimize sample degradation. Creep experiments were performed 

on an Anton Paar MCR702 instrument equipped with 8 mm parallel plates. After loading, 

typically at 80 °C, the samples were allowed to equilibrate for at least 30 minutes. Strain 

sweep experiments were carried out to determine their linear viscoelastic regime at each 

temperature. Dynamic time sweep experiments in the linear regime were also performed to 

ensure steady-state and thermal equilibrium conditions. Frequency sweeps were conducted 

from 100 – 0.1 rad/s at 5 °C intervals from 80 °C to 30 °C and at 2–3°C intervals between 

27°C to 18°C (the latter corresponds to the glass transition temperature). Small amplitude 

oscillatory shear experiments for stars were performed in an ARES stress-controlled 

rheometer using a 4 mm parallel plate geometry in the temperature range −80 to 30 °C. The 

temperature was controlled with a convection oven connected to a liquid nitrogen Dewar 

container.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Linear viscoelastic master curves in terms of A) shifted storage modulus (G′bT) and B) 

loss factor (tanδ) at the same relative temperature above Tg (T-Tg = 40 °C) as a function 

of the shifted oscillatory frequency (ωaT). Panel C shows the corresponding horizontal 

(squares) and vertical (circles) shift factors. Black arrows in panels A and B mark the 

characteristic times (as inverse frequencies) and plateau moduli for the systems (see text), 

and the horizontal dashed line in panel B refers to equal storage and loss moduli (G′ = G″, 
tanδ = 1). The red solid line in panel C represents the Williams-Landel-Ferry (WLF) fit 

whose constants are also reported in the graph for Tref = 60 °C. The shift factors for neat 

PMA 95k are also reported as solid red squares.
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Figure 2. 
Schematic representation of GNP melts. Each GNP comprises a nanoparticle core (black), 

dry and wet layers (impenetrable to and interpenetrated by the arms of neighboring GNPs, 

respectively), the size of which depends on the grafting density (which is constant here) 

and the degree of polymerization of the grafted chains. The purposely marked dense (dark) 

near-core region represents the dry layer (green portion of the colored arm in Regime II), 

while the interstitial area is the interpenetrated (or wet) layer region (red portion of the arm 

in Regime II). These two regions correspond to arm fractions (1-seff) and seff, respectively, 

in eq. 1 (see text). In Regime I, the terminal relaxation (if attainable) is dominated by a 

colloidal-jammed response, and in Regime II by polymeric arm relaxation. The crossover 

from Regime I to Regime II is broad (see text).
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Figure 3. 
Linear viscoelastic master curves in terms of shifted storage (G′bT) and loss (G″bT) moduli 

as a function of the shifted oscillatory frequency (ωaT) at 40 °C above the glass transition 

temperature (T-Tg = 40 °C) for the GNP samples 196k (Panel A) and 94k (Panel B). The 

solid and dashed blue lines represent the storage and loss moduli obtained from the MM 

model, respectively. Marm is the total arm molar mass, seff is the fraction of the arm in the 

interpenetration layer, corresponding to a molar mass Mseff.
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Figure 4. 
Schematic representation of deformed particles forming facets (left side), and arm stretching 

events during particle deformation (right side). D is the depth of the deformation plane, and 

hpol and h’pol are, respectively, the length of the chains prior to and after deformation sets in.
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Figure 5. 

Dynamic state diagram for GNPs and stars in terms of f

Rcore3 /v0
1/4  against 

Narmv0f

Rcore3  (see 

text). The filled circles represent systems whose dynamics are controlled by polymeric 

arm relaxation, cross symbols (X) refer to systems exhibiting hybrid (both polymeric and 

colloidal) response; in this case, the potential barrier for hopping exceeds kBT and Zs,eff>>1, 

and open symbols refer to the jammed colloidal regime where an extended low-frequency 

colloidal mode (with a long relaxation time, if reached, as compared with the arm time) 

dominates the rheological spectrum. The blue symbols represent the present GNPs. The 

open green triangles are PEO GNPs from Refs.16,29, and black squares refer to star 

polymers investigated here (Figures S23–S25) and partially in Ref. 34. The black crosses 

and circles are star polymers from the literature.30,33,73 Polyisoprene (PI) stars with low 

functionalities f = 3 and f = 12, and f = 4 and f = 18, taken from the literature, are 

displayed as filled dark cyan74 and filled purple circles,75 respectively. Polystyrene stars 

with a branching functionality in the range 2–64, taken from the literature,76 are displayed 

as magenta filled circles and crosses. Dashed line is eq. 10 and dotted line is eq.9. Inset: 

Alternative double logarithmic representation of the main plot with the experimental data 

being plotted as the normalized functionality of the hairy nanoparticles versus overlap 

parameter x. The dashed line is eq.11 with B=0.1.
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Figure 6. 
Experimental normalized low-frequency colloidal plateau modulus as a function of the 

overcrowding parameter for the GNPs and star PBDs investigated here. The blue dashed line 

through the data hits the ordinate at a value 
GLFR3

kBT = 5.
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Figure 7. 
Experimental terminal (green filled up triangles) and arm relaxation (black filled squares) 

times for the GNPs, obtained from tanδ (Figure 1), as a function of Z, the number of 

entanglements per grafted arm. The circles, open down triangles and asterisks represent the 

model predictions for the arm, attempt and terminal relaxation times (see text), respectively. 

The dashed lines are drawn through experimental points to guide the eye.
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Table M1.

Molecular characteristics of silica-grafted nanoparticles.

Sample code Mw,arm [kg/mol] Polydispersity
of arms

ϕcore (SiO2 only) ϕcore (SAXS) ϕcore (TGA) Tg [°C]

196k 196 1.3 0.021 unavailable

170k 170 1.29 0.024 0.036 0.031 18.1

130k 130 1.28 0.031 0.051 0.043 unavailable

94k 94 1.2 0.043 0.07 unavailable 18

48k 48 1.16 0.081 0.139 0.12 18.1

33k 33 1.14 0.112 0.176 0.16 18.3
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Table M2.

Molecular characteristics of multi-arm star polymers.

f Marm [kg/mol] Polydispersity linear chains

875 5.8 1.08

929 4.0 1.03

1114 1.27 1.07

2828 1.3 1.10
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