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In commercial products additives with limited or no miscibility with a base resin or solvent are often
encountered. Through manipulation of interfacial agents and kinetic milling, mixing or extrusion, nano- to
colloidal-scale additives assemble into micron- to millimeter-scale structures that can gel or produce desired
optical scattering, electrical conduction, mechanical reinforcement, and engineered rheology. These emergent
multi-hierarchical networks are important in many applications. We have studied several examples of these
systems. Generally they can be categorized into thermally dispersed and mechanically dispersed

systems. Thermal dispersion: Inks containing organic pigments are miscibilized in water using non-ionic
surfactants. Depending on the phase behavior of these surfactants and the milling history, the primary
structure, aggregate structure and macroscopic network structure can be tuned. In a printer the complex
structure can be subject to shear that further influences the structure. Finally, as concentration increases with
drying a complex, robust network on the micron scale, fused with binder in some cases, can scatter light and
give mechanical strength to the dried film. Although the initial, shelf-stable system is thermally dispersed, a
complex interplay between kinetic and thermodynamic features govern the resulting film. Kinetic dispersion:
For reinforced elastomers and many filled polymers such as carbon black filled polyethylene for UV protection
or polymer solid electrolytes the additives are inherently immiscible, yet it is desired to produce a macroscopic
network from nanoscale structures for mechanical strength, electrical conductivity and optical and UV
scattering. In these systems we can make a crude approximation that the accumulated strain shows similarity to
temperature in thermally dispersed systems in that it leads to random dispersion of nano- or colloidal particles.
We can make some gross approximations using what is known about thermally dispersed colloidal systems to
understand the impact of excluded volume and interaction energies in the context of a kinetic pseudo- 1
temperature. This anoroach has oroven fruitful in understandine dispersion with some nuances. For instance. in
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The original nanocomposite
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Thermal Dispersion versus Kinetic Dispersion
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Clustering can lead to locally higher concentrations
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Multiscale Hierarchical Structures
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Multiscale Hierarchical Structures
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Multiscale Hierarchical Structures
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Multiscale Hierarchical Structures
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van der Waals model for incompatible polymer
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Excluded volume is associated with
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Mean field (CB) and specific interactions (Silica)
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Specific interactions (Silica)

Positive a” can lead to correlated silica aggregates, New scattering function to fit these curves that/ impossible task
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Aggregates to clusters

Control immiscibility through surface modification
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Surface Modification for Controlled Immiscibility
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Morphology from rheology

* How does this multi-hierarchical model relate to oscillatory rheometry?

cluster network

cluster of . B <&
nanoparticles B b R
S Q. i .

s~

0
000000
.

o0
-
3 0

.
.....
-

PNC
(2>2,)

Filippone, G., Romeo, G. and Acierno, D., 2010. Viscoelasticity and structure of polystyrene/fumed silica nanocomposites: filler network and

hydrodynamic contributions. Langmuir, 26(4), pp.2714-2720.
Filippone, G. and Salzano de Luna, M., 2012. A unifying approach for the linear viscoelasticity of polymer nanocomposites.

Macromolecules, 45(21), pp.8853-8860.

negligible

neat polymer

22



Frequency (Hz)

0.001 0.01 0.1 1 10 100
- e, FUREALL) FE-5 R LARLY PR 02 ERNLINL QL PR LL! rrTrTm2
T10°F
- 1 1o° % At intermediate frequencies,
= P £ 5 & deviation of semi-dilute
= F ¥ S rheology from dilute under same
® - ] .. .
5 «f _i g shear conditions ascertained by
S 10 ¢ 5 S scaling dilute sample by
e f S Einstein-Smallwood factor
= Py 1T P 2 12 2
' 1(')5 3 §
T : 3 ¢ At low oscillation frequencies,
7)) i . | 5 @_ S (Y 3 . 1
s o' L B bG(4~g) 110 ShG- 1r>1kd1cates gel-like
Q 3 ) chavior
I 0 biG"(d~dr ) g
& I o ® H(gs) G' (g << ¢f)'5
...1.1 Pl e T Y 1 (AR Ls e plaie ‘1_1_4
10° 4 638 2 4 68 2z 4
0.0001 0.001 0.01 .
Reciprocal space vector, q (A)
Rishi, K., Beaucage, G., Kuppa, V., Mulderig, A., Narayanan, V., McGlasson, A., Rackaitis, M. and Ilavsky, J., 2018. Impact of an emergent hierarchical 12

filler network on nanocomposite dynamics. Macromolecules, 51(20), pp.7893-7904.



10

&~ ()"

7 (sec.)

o
1000

-1

Scattered intensity, I/¢; (cm)

Frequency (Hz)

0.001 0.01 0.1 1 10 100
! IR L R LR M2
10° E e . ¢$=0.168
o T
r ' Local
- network 7110
10 £-2.2 ]
F : 16
" . 15
6 " Global : 1a
10 Enetwork :
A 1/(fsv) ---3
I " " 42
105 E_G G
10° : o GyH(g) 110
5 ; i —— $;=0.005 ],
S A TV P o
10 2 4 68 2 4 68 2 a*
0.0001 0.001 0.01

Reciprocal space vector, q (A)'T

Rishi, K., Beaucage, G., Kuppa, V., Mulderig, A., Narayanan, V., McGlasson, A., Rackaitis, M. and Ilavsky, J., 2018. Impact of an emergent hierarchical

filler network on nanocomposite dynamics. Macromolecules, 51(20), pp.7893-7904.

o

(ed) Hinpoyy d1weuAq



Frequency (Hz)

0.001 0.01 0.1 1 10 100 1000 R |
L) B L AL B B L AL 81 C
8 L ; - ¢ =0.168 ) 2.16 [
10°¢ £ f 1 7 ~(r ;
‘.‘__\ C : Local 6 44 i
g L :  network 110 ]
L 10" F-2.2N\\i ] o
< F . ® 5 2-
= i : 15 o R
- - (] U ¢
£ 10° GIt‘()balk: X § & 100 '
- E Network . —
pL e eennnas . 1/(dsv) ----3 = u*-- 8] /
9 8. ° 6-
.E I .Y 12 -
g 105 &~ G § 4- ’
- '
§ 5 @-'i i ’
e — !
© 4 110 24 ’
810 1 '
= g = 0.005 | ?
r . . d.l t 10 T T 1 T ‘l TTT
3 .,J-..xl IR T BT P - 11111](.’.l.l.|?.) 2 4 6 8 I
10 2 4 68 2 4 638 2 0.1 1
0.0001 0.001 0.01 ,
Reciprocal space vector, q (A) 7" (sec.)

Rishi, K., Beaucage, G., Kuppa, V., Mulderig, A., Narayanan, V., McGlasson, A., Rackaitis, M. and Ilavsky, J., 2018. Impact of an emergent hierarchical
filler network on nanocomposite dynamics. Macromolecules, 51(20), pp.7893-7904.



Clustered aggregates to bulk network
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There are multiple levels and not 1 that assemble from small to large sizes

Primary particles decide aggregate structure, processing dictates changes to the aggregate structure and
size

Clustering of aggregates into local networks is dictated by the surface chemistry and kinetics.

The formation of bulk network on the cm scale is dictated by the nature of clustered aggregates and the
surface chemistry

This constitutes a multiscale physics approach
The point of compatibilization is to control immiscibility not to produce miscibility

Link structure to dynamics in this complex system
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