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Temperature-responsive behavior useful for many applications 
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Responsive surface coatings 
(e.g., sensors, catalysis) 
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that at low grafting densities the underlying substrate can
control macroscopic events and in particular phase transitions.

As introduced in the above sections, self-assembled block
copolymer spherical micelles with a thermoresponsive block in
the corona can undergo a morphology switch to form vesicular
or cylindrical nanostructures. Reports on this process, using
PNIPAM as the central (responsive) block do not report any
increase in turbidity nor significant shrinkage upon heating.66,67

While this may appear to conflict with the observations outlined
in Table 2, these systems contained a permanently hydrophilic
component in the corona, hence they maintain their water-
solubility throughout the transition and do not show an increase
in diameter until the morphology transformation occurs, Fig. 11.
The most surprising observation of these systems is the amount
of time required for the morphological transitions to occur,
typically taking several days; in the initial stages there is a small
decrease in hydrodynamic diameter of the spherical micelles,
followed by a relatively abrupt increase in size and dispersity
upon formation of vesicles. It is also observed that the systems
must be heated well above the LCST of the constituent polymers
(ca. 10 1C) implying some confinement effects, as observed with
surface grafted brushes. 1H NMR spectroscopy also confirmed the
observed increased transition temperature in the nanostructures.66

Complementary studies of self-assembled oligomers contain-
ing responsive oligoethyleneglycol (OEG) units with precise
numbers of the responsive branches have been undertaken
by Thayumanavan and coworkers.68 Micelles constructed
from oligomers with more OEG branches showed narrower

transitions, at lower temperatures, compared to micelles
constructed from oligomers with fewer OEG branches. During
transition from micelle to vesicle, the curvature and density of
the responsive chains will vary and hence will dramatically
change the actual transition temperature during the morphology
switch. This, combined with interfacial/surface energy considera-
tions, no doubt contribute to the complex behaviour observed for
these systems.

Direct experimental evidence of the conformational regime
assumed by nanoparticle-grafted polymer chains has been observed
by Gauthier and co-workers, using proteins as monodisperse
substrates, Fig. 12A.69 More than 100 discrete polymer–protein
conjugates were synthesised by the surface initiated ATRP
of oligo(ethyleneglycol)methacrylate from chymotrypsin deco-
rated with varying densities of ATRP initiating sites. This
methodology provided precise and quantifiable control over
grafting density, number average degree of polymerisation and
PEG side-chain length (which influences the LCST). Using
1H NMR spectroscopy as a probe for polymer flexibility,
the transition between mushroom and brush regimes as the
grafting density increased from 2–12 polymers/protein was
clearly observed. Furthermore, this transition correlated with
a decrease in the observed cloud points of the conjugates,
Fig. 12B. This supports both hypotheses that increasing steric

Fig. 10 Influence of underlying surface chemistry on macroscopic properties of
nanoparticles functionalised with thermoresponsive polymers. (A) Au nanoparticles
with both PNIPAM and folic acid on surface. Upon heating above the LCST folate
receptors are exposed. Tick indicates successful uptake into specified cells, and cross
no uptake. No aggregation is observed above the LCST suggesting the hydrophilic
folic acid provides colloidal stability; (B) Au nanoparticle prepared in samemethod as
(A), but without folic acid. Upon heading above the LCST particles aggregate. Images
related to data presented in ref. 10 (A) and ref. 44 (B).

Fig. 11 Morphology switching thermally responsive, self-assembled polymer
micelles containing a permanently hydrophobic segment (red), permanently
hydrophilic segment (blue) and a thermoresponsive block (green). (A)
Poly(ethyleneoxide)-block-poly(NIPAM)-block-poly(butadiene); (B) poly(t-butyla-
crylate)-block-PNIPAM with quaternary ammonium end group; (C) sequence of
events leading to morphology collapse, starting with a micelle with responsive
corona: heating above the LCST leading to collapse of the responsive block and
shrinkage (and shift in hydrophilic/hydrophobic ratio) followed by rearrange-
ment to lower curvature vesicular morphology.
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Responsive hydrogels 
(e.g., drug delivery, tissue engineering) 
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Responsive self-assemblies 
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PNIPAM displays a sharp transition at its LCST ~32 °C 
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Atomistic simulations capture single-chain behavior 
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Micelles show temperature-responsive behavior 
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PNIPAM-C18 

Li, ACS Nano, 2014 



CG model for PNIPAM 
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Simulation details: 

•  Following methodology of Shinoda-DeVane-Klein 
(SDK) CG force field 

•  CG beads correspond to ~3 heavy atoms 
•  Explicit water bead = 3 water molecules 
•  Nonbond: LJ potentials fit to experimental data (e.g., 

surface/interfacial tension) 
•  Bonded: Gaussian-based potential fit to distributions 

from atomistic simulations 
•  Parameterization performed against N=30 oligomer 
•  MD with HOOMD-blue on GPUs 

W: water (x3) 

AM: formamide 

IPR: propane 

CM2/CT2: ethane 

CT2 CM2 CM2 CT2

AM AM AM AM

IPR IPR IPR IPR

!a"

!b"



Nonbonded parameters fit to experimental data 
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Adjusted for PNIPAM model to better match RDFs 
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Pair: CM2-IPR Pair: AM-AM Pair: CM2-W 
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Bonded parameters fit to atomistic simulations  
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CG model yields correct single-chain behavior 
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CG model able to simulate micelle self-assembly 
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M = 50, 330 K 
M = 100, 330 K 



Summary 
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•  Atomistic simulations of PNIPAM oligomers produce correct 
single-chain behavior and chain-length dependence 

•  Small micelles show temperature-dependence, but at the limit of 
what can be achieved with atomistic models 

•  Following SDK CG methodology, PNIPAM CG model fit to 
experimental data and atomistic simulations 

•  CG model reproduces single-chain behavior and chain-length 
dependence of atomistic simulations 

•  Possible to study self-assembly in larger systems with CG model 


