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Crystal: atoms are stacked periodically (like cannonballs)

Glass: atoms are packed irregularly and tightly (underlying structure is 
liquid-like (NOT solid-like).  Characterized by slow dynamics and aging

Glasses are disordered and metastable

Soft Glasses

Homogeneously crosslinked
PNIPAM particle

We make glasses by synthesizing thermoreversible (soft) colloidal 
PNIPAM particles in the lab and then close-pack them in aqueous 
suspension at RT. The particles swell below their LCST (~32oC) and 
deswell at T>32oC Monomer: NIPAM

Crosslinker: BIS
Co-monomer: AEMA
Initiator: APS
Functionalized fluorescein

We can make particles having controlled stiffnesses and also of controlled particle
size polydispersities (Behera, Saha, Gadige and Bandyopadhyay., PRM, 2017)



Thermoresponsive Poly(N-isoproplylacryliamide) PNIPAM 
MicrogelsThermoresponsive PNIPAM particles undergo a swelling-deswelling transition at LCST~ 32oC 

Yunker et al., Reports in Progress 
of Physics, 77, 056601 (2014)

Maximally swollen particles < 20oC
Fully collapsed particles > 40oC



Capacitance (C)
Loss Factor (D) 𝜀𝜀𝑟𝑟′ = 𝐶𝐶 𝑑𝑑

𝐴𝐴𝜀𝜀𝑜𝑜
, 𝜀𝜀𝑟𝑟” = D 𝜀𝜀𝑟𝑟′

V = 750mV
f = 20 Hz-5MHz

Rheo-dielectric setup

𝛾𝛾 = 𝛾𝛾𝑜𝑜 sin 𝜔𝜔𝜔𝜔 ,
𝛾𝛾𝑜𝑜= 10 − 2000%
ω = 10 rad/s
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We measure We estimate



Local segmental motion of 
the polymer and motion of 
counterions along the 
polymer chain over the entire 
temperature range

Fluctuation of the 
counterions below the 
LCST and interfacial 
polarization above 
the LCST

are the dielectric strength in low and high 
frequency regime respectively

and
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K. Asami, Prog. Polym. Sci. 27 (2002) 1617–1659

Dielectric relaxation

Cole-Davidson Relaxation model



T = 20OC
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Dielectric permittivities
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Estimating the orientation and dynamics of 
during shear flow

Densely packed suspensions Loosely packed suspensions

We fit the 𝜖𝜖𝑟𝑟′ data to the real part of the CD relaxation:

Dynamical slowdown at the length-scale of the dipoles
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Bulk stress relaxation experiments at same 
oscillatory strain amplitudes
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We fit the stress relaxation data for the densely packed
suspensions below the LCST to the Kohlrausch-
Williams Watts fitting function: 𝝈𝝈 𝒕𝒕 = 𝑨𝑨𝒆𝒆−(𝒕𝒕/𝝉𝝉)𝜷𝜷

Dynamics speed up in the bulk sample!
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1. Using a single technique we study the dynamics of PNIPAM suspensions 
over several decades of length and time scales

2. The dynamics of these suspensions are vastly different at different length 
scales (length-scale dependent rheology).

3. Since their rheology and self-assembly can be fine-tuned by changing shear 
and temperature, hydrogels are potentially good candidates for energy 
storage devices, stretchable flow capacitors and batteries

Connecting the data over decades in time and len

To summarize:
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Adv. Mater. 2010, 22, 3441–3445 Soft Matter, 2017, 13, 2663--2676

Rheological study Dielectric study



Batchelor’s equation:

cp = polymer mass concentration inside each particle 
in swollen state
c = polymer mass concentration of the suspension 
wt%

Effective volume fraction:

𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 = 1 + 2.5𝜑𝜑𝑟𝑟𝑒𝑒𝑒𝑒 + 5.9𝜑𝜑𝑟𝑟𝑒𝑒𝑒𝑒2

𝜑𝜑𝑟𝑟𝑒𝑒𝑒𝑒 = ⁄𝑐𝑐 𝑐𝑐𝑝𝑝

)/( 2
9.55.21 )/( pccpcc

rel
++=η

Differential Scanning 
Calorimetry(DSC)
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τ = 1/2πfpeak
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