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SI1. Analysis of polydispersity

Figure S1 shows the form factor of the cylinders obtained by combining different scattering 

techniques. The intensity is normalized by that of the solvent (diethyl phthalate in this case) and 

divided by the concentration. Data points have been fitted with a form factor for core-shell cylinders 

implemented in the open source SASfit software (https://sourceforge.net/projects/sasfit/) developed 

by Joachim Kohlbrecher of Paul Scherrer Institute, Villigen, Switzerland (see red solid line in figure 

S1). Fitting parameters were: radius of the core+shell, grafting density, length, solvency conditions, 

polydispersity, scattering length densities of core, solvent and shell. The length and the diameter 

estimated by the fitting routine are respectively 720 nm and 121 nm. The estimated polydispersity is 

1.22. The obtained values are in very good agreement with those estimated through TEM images 

(see main text). Indeed, cryo-TEM measurements confirmed the shape and size of the investigated 

nanocylinders in solution, meaning that the drying process does not affect much the structure and 

stability of the nanocylinders.
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Figure S1. Form factor obtained from static light (blue solid circles) and X-ray (green and black 
circles) scattering experiments in diethyl phthalate (DEP). Solid red line shows the core-shell model 
fit for cylindrical particles. 

Alternatively, using the analytical expressions for the light scattering time autocorrelation function 

of Schulz-distributed Rayleigh-Debye particles proposed by Aragon and R. Pecora1 we arrive at a 

polydispersity value of 1.21. However, we note that such a model is expected to be valid for 

Gaussian coils and thin rods. 

Interestingly, the polydispersity exceeds 18%, which is the threshold limit predicted by Bates and 

Frenkel for the destabilization of mesophases.2

https://sourceforge.net/projects/sasfit/
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SI2. Sizes in different solvents

Figure S2 below depicts the hydrodynamic and gyration radii in three different solvents (Toluene, 

Diethyl Phthalate and Dioctyl Phthalate) of spherical micelles with the same chemistry, same graft 

molar mass and similar grafting density,3 at different temperatures. Our goal is to obtain indirect 

information about solvent quality effects, i.e., relative size in different solvents, which is not 

affected by the shape for the same molar mass and grafting density of the shell. Here, we refer only 

on the different particle sizes in different solvents. Clearly at 25 ⁰C the PS shell is swollen in both 

toluene and DEP.  
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Figure S2. Temperature dependence of the hydrodynamic radius and radius of gyration in different 
solvents for spherical micelles with the same PS graft molar mass (111 kg/mol) and nearly the same 
grafting density (0.075 chains/nm2). The dashed red line marks the athermal limit reached with the 
suspension in toluene. 

SI3. Dynamic light scattering characterization

Data in the dilute regime (4x10-4 g/ml) are shown in Figure S3. Correlation functions exhibit only 

one decay process at different angles, from 30° to 150°. This is also confirmed quantitatively by the 

values of the stretched exponents found through the Kohlrausch-Williams-Watts (KWW) stretched 

exponential fit function.4 The ratio between the decay rate  and the squared value of the scattering 

wave vector was found independent from the scattering wave vector, typical of diffusive motion, 

with a resulting diffusion coefficient 1x10-13 m2/s.
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Figure S3. Normalized electric field time auto-correlation functions at six different scattering angles fitted 
with the Kohlrausch-Williams-Watts (KWW) stretched exponential function (red lines). The concentration is 
4x10-4 g/ml (dilute regime). Stretched exponents have value of 1. The inset shows the dependence of the 
ratio between the decay rate  and the squared value of the scattering wave vector on the scattering wave 
vector. 

The onset of the nonergodicity was monitored by means of dynamic light scattering experiments in 

toluene (Figure S4). Fitting with the KWW function provides the evolution of the broadness of the 

correlation functions with concentration. A stretched exponent equal to 0.5 coincides with the onset 

of nonergodicity as it was also observed in fd-viruses.5 

Figure S4. Left panel: Normalized electric field auto-correlation functions of cylindrical nanoparticles in 
toluene at different concentrations and at a scattering wave vector equal to 0.021nm-1. Red solid lines 
represent fitting curves with a stretched exponential function. Right Panel: Concentration dependence of the 
stretched exponent 
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SI4. Shell thickness

For grafted cylinders where the core radius is much larger than the size of a monomer but smaller 

than the shell thickness, Binder et al.6 proposed the following relation to roughly estimate the shell 

thickness in good solvency conditions:

ℎ = 𝑎𝑏(𝜎𝑏2)0.259(M𝑛/M0)0.74 (S1)

where  is the grafting density at the core, Mn and M0 being the molar masses of the grafted chain 

(111 kg/mol) and Kuhn monomer (0.720 kg/mol7), whereas b is the Kuhn monomer size (b=1.8 

nm7) and a is a proportionality constant of order 1, which for simplicity is assumed equal to 1. 

Equation S1 yields a value of 56 nm.

SI5. Transmission Electron Microscopy 

Figure S5 depicts the Transmission Electron Microscopy (TEM) and cryo-TEM images of the 

investigated suspensions. Indeed, TEM images where used to estimate the average particle length 

and its polydispersity (average of more than 10 images). Typical results are shown in Figure S5. A 

cryo-TEM image at 0.01 g/ml in DEP is reported as well to show that systems are also stable in 

solution keeping their cylindrical shape and arranging into domains with no prevalent orientational 

direction. 

Figure S5. (a-c) TEM images at 3 different magnifications. In panel (c) a single particle with detectable core-
shell contrast is observed. d) Cryo-TEM image of cylinders in DEP at 0.01 g/ml. 
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SI6. Small angle X-ray scattering (SAXS)

Results from SAXS measurements performed on a self-assembled film3 are shown in Figure S6. 

They display structural peaks (not too sharp though) compatible with a hexagonal crystalline 

structure. The dynamic moduli reported in the main text at C=0.76 g/ml exhibit a 1/3 slope against 

frequency, which is expected for hexagonally packed cylinders.8 Nevertheless, the possibility of 

having such a pure crystalline state is rather small because of the non-negligible polydispersity in 

length of the investigated short cylinders.
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Figure S6. X-ray scattering intensity of the self-assembled film in solvent-free conditions. Black arrows 
point peak positions of a hexagonal crystalline structure.

SI7. Creep measurements

Figure S7 shows creep compliances at various concentrations. Applied stresses range from 1 Pa for 

the lowest concentration (0.1 g/ml) to 50 Pa for the highest concentration (0.6 g/ml). Error bars 

were calculated through 3 different measurements at different stresses per concentration to ensure 

that the rheological response is within the linear viscoelastic regime. The conversion of the creep 

compliance into dynamic moduli was obtained by using the regularization method for nonlinear-ill 

posed problems (NLREG) proposed by Weese et al.9–12  The NLREG software, based on the 

original Tikhonov regularization method, evaluates the retardation spectrum from creep compliance 

and subsequently calculates the relaxation spectrum and the associated viscoelastic functions.  
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Figure S7. Creep compliance against time at different concentrations: from 0.1 g/ml to 0.6 g/ml. All the 

experiments were performed at 25 °C.

SI8. High-frequency rheometry

High-frequency rheometry was performed by means of a home-made piezorheometer for the solutions at 

0.13, 0.23 and 0.4 g/ml.13,14 It consists of a set of identical piezo-ceramics PICATM (PI, Germany), one 

used as a shear actuator, and the other as a strain sensor. Excitation of the moving plate is exerted 

by the actuator which provides a sinusoidal voltage waveform with a certain amplitude. The sensing 

ceramic receives the stress waveform causing charge generation due to the inverse piezoelectric 

effect. The sensing cell outputs a proportional voltage waveform that can be correlated to the 

excitation one. The correlation between the two waveforms as input and output allows eventually to 

extract an amplitude ratio (directly proportional to the complex modulus) and the phase angle.15 

SI9. Brownian Dynamics Simulations

Nanorods were modeled as a linear, rigid assembly of beads as depicted in Figure S8. The spheres 

are rigidly connected and the bond length between spheres in each rod was chosen to be the radius 

of the sphere. In this way, the spheres were overlapping such that the excluded volume was closer 

to that of a true, smooth spherocylinder compared to, say, a tangent bead model where the beads are 
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connected at a distance of 2R, which is more common in practice. We consider this to be a coarse-

grained representation of a spherocylinder that captures the geometry and anisotropy of interparticle 

interactions quite well. Note that this model is not a perfect descriptor of the real experimental 

system as it is missing a number of features including a finite bending modulus of the rods and a 

uniform scattering cross section along the length of the rod. On the other hand, it is capable of 

representing some essential features such as particle shape, dispersity, and softness of interactions.

Figure S8. Scheme of modeled nanocylinders.

The polydispersity index (PDI) is defined as 

𝑃𝐷𝐼 =
𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒

𝑚𝑒𝑎𝑛2 + 1 (S2) 

This is known from the experimental system and is equal to 1.3. A lognormal distribution of lengths 

was assumed with parameters given by

𝜇 = log (𝐿) ― 0.5log (𝑃𝐷𝐼) (S3) 

where log(PDI) represents the variance  and  is the mean length, which was set to the 𝜎2 𝐿

experimental value of 6. The distributions are illustrated below in terms of aspect ratio and number 

of beads in Figure S9.
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Figure S9. Lognormal distributions of particle aspect ratio and number of beads per nanocylinder.

Particles were integrated according to rigid-body Brownian dynamics with a time step of Δt = 10-3, 

and interparticle interactions were given by a custom repulsive interaction potential with tunable 

softness parameter k as:

𝑈
𝑘𝐵𝑇 =

(𝐷 ― 2𝑅𝑐)𝑘

(𝑟 ― 2𝑅𝑐)𝑘 (S4) 

where U and  are the internal and thermal energies respectively, D is the diameter of the rod, Rc 𝑘𝐵𝑇

is the radius of the hard core, and r is the interparticle distance. Note that this potential is infinitely 

stiff when hard cores overlap. Finally, k is the softness parameter: the lower the value, the softer the 

potential will be. The force can be written as

𝐹
𝑘𝐵𝑇 = ―∇

𝑈
𝑘𝐵𝑇 =

𝑘(𝐷 ― 2𝑅𝑐)𝑘

(𝑟 ― 2𝑅𝑐)𝑘 + 1𝑟 (S5) 

The interaction potential and the effect of the softness parameter k are illustrated in Figure S10.
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Figure S10. Interaction potential and the effect of softness.

Once the polydispersity and the potential was defined, N=1000 nanocylinders were initially placed 

in a simulation box (with periodic boundary conditions) on a lattice with random orientations such 

that no two rods were touching. The system was then equilibrated over a time period of t=500 

particle diffusion times, half of which were spent slowly shrinking the simulation box to achieve the 

desired volume fraction. Figure S11 depicts this equilibration scheme.

Figure S11. Equilibration scheme of N=1000 cylinders at 0.4 g/ml.

Production runs were then conducted for t=250 diffusion times, over which 100 snapshots were 

taken in order to calculate the equilibrium static structure factor.
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SI10. Shell interpenetration at high concentrations

The presence of a plateau in the storage modulus at high frequencies (Figure 4 of main text) 

suggests the presence of entanglements between chains. In fact, the high-frequency crossover refers 

to the relaxation time of an entanglement strand and the plateau corresponds to a network formed by 

the interpenetrated grafted chains. The procedure we used is reported below for a 40 wt% 

suspension of nanocylinders in DEP and it is based on the recent work of Wagner et al.16 It involves 

the following steps:

1) We determine the concentration of polystyrene, PS (CPS), in the solution (0.79 % of the total 

mass of the particle is comprised by PS)

2) We estimate the glass transition temperature (Tg) of a PS solution at CPS by using the Flory-

Fox equation. 

3)  By knowing the Tg of PS melts (molar mass M=111 kg/mol) we can compute the difference 

in Tg as 

 

(note that the Tg of the solutions, considering only the PS, goes from -12 °C at 0.76 g/ml to -86 °C 

at 0.1 g/ml. All measurements were performed at 25 °C, well above the Tg of equivalent PS 

solutions).

4) We build the master curve of PS melt (Figure S12, which also indicates the characteristic 

relaxation times).
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Figure S12: Master curve of PS melt 111 kg/mol at a reference temperature Tref=150⁰C.

                                (S6)∆𝑇𝑔 = 𝑇𝑔,𝑚𝑒𝑙𝑡(𝑀) ― 𝑇𝑔,𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛(𝑀,𝐶𝑃𝑆)
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5) We use the William-Landel-Ferry equation below to shift the relaxation time of an 

entanglement strand (e) to the solution temperature and we obtained a e=3.6 10-4 s or a 

frequency e=2800 rad/s. 

The plot below (Figure S13) shows that the e found through this simple calculation is in agreement 

with the crossover time exhibited by the high-frequency data. This corroborates the fact that indeed, 

the high-frequency response is dominated by entanglements among grafted chains.

Figure S13: Frequency-dependent linear viscoelastic moduli for nanocylinder solution (40% wt) at 

25⁰C. The conventional dynamic frequency sweep measurements have been complemented by 

creep (low-frequencies) and piezo-rheomery (hight frequencies) as discussed in the main text.

                                       (S7)log (𝑎𝑇) =
𝐶1(𝑇 + ∆𝑇𝑔 ― 𝑇𝑟𝑒𝑓)

𝐶2 + (𝑇 + ∆𝑇𝑔 ― 𝑇𝑟𝑒𝑓) ―
𝐶1∆𝑇𝑔

𝐶2 + ∆𝑇𝑔
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