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Compaction, Aeration and flow of powders. ?
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 rheology under low confinement
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damine B 2. Azide-functionalized fluorescent dye 2 was synthe-
sized through DCC-mediated esterification of rhodamine B and 2-
[2-(2-azidoethoxy)ethoxy]ethanol 1 (Scheme S1). The structure
and purity of 2 were assessed by NMR spectroscopy (Fig. S5 and
Fig. S6) and by electrospray ionization high-resolution mass spec-
trometry. Azide-functionalized fluorescent dye 2 was tethered at
the surface of mPs MP1 by CuAAC to afford mPs MP2 (Scheme 2).
After thorough removal of non-reacted azide 2, analysis of the
equatorial cross-section of mPs MP2 by confocal fluorescence
microscopy showed the presence of a yellow fluorescent ring,
demonstrating an effective surface anchoring of azide 2 (Fig. 4a).
Due to the low swelling of the mPs in the EtOH and water
(Fig. S4), the width of the fluorescent ring (ca. 3 mm) is most prob-
ably due to a ‘‘fluorescence glare” stemming from the curvature of
the 5 mm thick focal plane layer rather than to the actual depth of
the grafting reaction. The Z-stacks obtained by confocal fluores-
cence microscopy were used for the reconstruction and segmenta-
tion of mPs MP2 (Video S1). Finally, the absorption and emission
spectra of 2 (kabs = 560 nm, kem = 586 nm in water) and MP2
(kabs = 564 nm, kem = 586 nm in water) confirmed the occurrence
of the CuAAC reaction but did not show any significant change
after grafting of the fluorescent dye (Fig. S7a).

Poly(ethylene glycol)-grafted mPs MP3 were then obtained by
the CuAAC tethering of a-methoxy-x-azidoethoxy-poly(ethylene
glycol) 3 (Mn = 37 kg mol!1) at the surface of mPs MP1 (Scheme 2).
Both LD (Fig. 2d) and SEM (Fig. S8a-b) analyses of mPs MP3 con-
firmed that size, size distribution and surface morphology were
comparable to those of alkyne-functionalized mPsMP1. The surface
morphology of mPs MP1 and MP3 was investigated in more details
by AFM (Fig. 5). Besides the presence of previously mentioned
‘‘emulsion particles” of ca. 30 nm in diameter, mPs MP1 presented
low surface roughness with a root mean square (RMS) roughness of
2.2 nm (Fig. 5c), consistent with previous SEM observations
(Fig. 3c). However, phase images of MP1 showed a surface with
distinct domains, suggesting areas with different concentrations
of PS, PPMA and PHDDMA (Fig. 5e). Conversely, the surface of
mPs MP3 showed an increased RMS roughness of 3.6 nm and the
apparition of small, globular domains of ca. 20–150 nm in diameter
(Fig. 5d). The low phase contrast between the globular-like mor-
phologies and the background suggests that the entire surface is
homogeneously covered by PEG brushes (Fig. 5f). These features
have been frequently observed in the literature concerning PEG
brushes ‘‘grafted-to” planar silicon substrates [63] attesting to
the successful modification of MP1 by CuAAC Click chemistry.

The scope of this general surface modification process can be
further extended by converting 1,2,3-triazole groups into 1,2,3-

triazolium ones by N-alkylation reaction with the aim of 1) manip-
ulating mPs interactions using surface charges to promote interpar-
ticle electrostatic repulsion and 2) readily introducing functional
groups as counter-anions through anion exchange reaction. There-
fore, a last sequence of surface chemical modifications was applied
to alkyne-functionalized mPs MP1 in order to afford cross-linked
polymer mPs having surface tethered 1,2,3-triazolium-based ionic
liquids (Scheme 3). Initially, CuAAC reaction between 2-[2-(2-azi
doethoxy)ethoxy]ethanol 1 and alkyne functionalities from the

Scheme 2. Synthesis of rhodamine-functionalized mPs MP2 and poly(ethylene glycol)-grafted mPs MP3 by Click modification of alkyne-functionalized mPs MP1.
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Fig. 4. Confocal fluorescence microscopy of equatorial cross-sections (5 mm thick
layer) of (a) rhodamine-functionalized mPs MP2 and (b) (1,2,3-triazolium cresol
red)-functionalized mPs MP6.
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Figure 8: View of the horizontal camera, showing the fibre, with the beads.

Figure 9: GUI interface made from python codes. The graphs displays a real time live tracking

of the fibre.

5. We use a brush to remove the bead on the fibre, and we start again this protocol, until we

reach a total of 50 pairs.

Following this protocol, we collected data for 50 pairs of beads, meaning we measured 200 co-

hesive contacts, using 25 di↵erent beads attached to the fibre. This method enabled us to draw

the force distribution for each batch of coated particles (Fig.12).

From theses distributions, we obtain an average cohesion force Fc for each polymer thickness b.

The results of our measurements are displayed in Fig.11.
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A New Pressure-imposed Rheometer for Powders
Validation with Dry Grains Initial Tests with Coated Particles
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quasi static regime 
(to be confirmed)

 role of air in transient perspectives
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V0C = Fc /ρ g H d2

liquefaction with powders 

Small size:=> enhance air coupling 
                              help instability  

cohesion:=> add strength  
                              attenuate instability 
               =>loose packing  

          help instability

V 0

1st step: preparation

the granular collapse

-change materials, cohesion type,  

-try to understand  the other control parameters (adhesion energy?) 

-find a way to analyse smaller particles (Toward type C) 

-understand the link with other rheometers (rotating drum, FT4,..)  

-collapse experiments with controlled fine material  

to disentangle the role of auto-fluidisation and cohesion… 

aeration/desaeration :

Rheology : 

dynamics for different preparations ? 
cohesion+air coupling ? 

a home-made « macro AFM »

which control parameters ?
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shear weakening and strong hysteresis 

in the critical state: no cohesion at low pressure! 
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