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Temperature-responsive behavior useful for many applications 
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Responsive hydrogels 
(e.g., drug delivery, tissue engineering) 

Responsive self-assemblies 
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and hence fluorescence behaviour. Gota et al. used thermo-
responsive PNIPAM nanogels to probe the intracellular tempera-
ture within a fibroblast-like cell line with a sensitivity ofB0.5 1C
in the range 27–33 1C, shown in Fig. 4.20 Similarly, Qiao et al.
synthesised block copolymers of PNIPAM and polystyrene which
formedmicellar thermoresponsive nanoparticles with thermally-
tuneable emission.21

It is also worth highlighting the concept of isothermal LCST
transitions, whereby the desirable transition of a thermo-
responsive polymer/particle is triggered by application of a
secondary stimulus, which effectively shifts the phase diagram
of the polymer to trigger the transition. Examples of these
triggers include pH-triggered disassembly, addition of salts,22

bacteria23 or intracellular glutathione.24

The concept of phase transitions has been exploited extensively
within amphiphilic block copolymer assemblies for triggering
changes in the self-assembly processes which can be utilised in
controlled release or morphology switching applications, Fig. 5.
Interestingly, using polymers such as PNIPAM it has been reported
that temperatures well above its expected LCST (B32 1C) are
required to induce the morphology transition. These transitions
were observed to be relatively slow when using PNIPAM which was
attributed to its high glass transition temperature and strong
interchain H-bonding which prevents fast and reversible switching.
Indeed, further work by Grubbs demonstrated that poly(ethylene
oxide)-co-poly(butyleneoxide) was a more effective responsive block
and allowed for fast and effective morphology switching.25 More
recently Chen and Jiang have demonstrated that through design
of a lightly associated permanently hydrophobic domain, fast

and reversible micelle–vesicle transitions could be observed at
temperatures close to the LCST of PNIPAM.26 They accounted for
this through the reduced restriction of conformational changes
in the responsive block in these nanostructures.

Responsive polymer brushes on flat
substrates

In order to understand and discuss the influence of immobi-
lisation of polymers during the synthesis of responsive nano-
particles, it is necessary to briefly discuss the significant
progress which has been made in the study of responsive
polymers on flat surfaces. Such systems have been probed by
several complimentary techniques including contact angle,
atomic force microscopy, elipsometry, quartz-crystal micro-
balance, infrared and neutron reflectivity. Polymer brushes,
where one chain-end of a polymer is immobilised onto a solid
substrate, have attracted wide interest as ultra thin (10’s–100’s
of nanometre) functional coatings. The two general methods to
obtain these brushes are the same as for coating pre-formed
nanoparticles with polymers (i.e. the ‘grafting from’ and ‘graft-
ing to’ approaches). Generally speaking, ‘grafting from’ gives
rise to high polymer brush densities and thicker brushes than
the ‘grafting to’ method. The synthetic methods to obtain these
are outside of the scope of this review, but readers are pointed
to some detailed review articles.27,28 Since the original work by
Alexander and de Gennes29,30 on the conformations of surface-
tethered brushes there has been a huge research effort to
understand their structure. Original theories made the key
assumption that the density of the polymer chains was constant
throughout the brush and hence the chain ends are all at the
same distance from the surface29,30 (Fig. 6A). However, the
more recent mean field theory of polymer brushes suggests that
the structure shown in Fig. 6B is a more accurate representa-
tion, with a higher density of monomer units at the substrate
compared to the surface.31 This distinction of the two indepen-
dent regions in polymer brushes is crucial in their applications,
especially in responsive systems where the bulk transitions
(such as in a nano-actuator), or the surface (such as reversible
cell adhesion) are critical.

Fig. 4 Intracellular thermometer based on solvochromic dye labelled PNIPAM
nanogels. (A) Schematic of a thermoresponsive nanogel containing a solvochromic
dye. Increasing temperature above LCST induces fluorescence emission due to an
increase in hydrophobicity; (B) intracellular fluorescence measurements of individual
cells exposed to Camptothecin, which leads to intracellular temperature changes; (C)
fluorescence microscope images of cells incubated with nanoparticles at different
temperatures demonstrating increased fluorescence at high temperatures. Figures B
and C reprinted with permission from J. Am. Chem. Soc., 2009, 131, 2766–2767.
Copyright (2013) American Chemical Society.20

Fig. 5 Concept of morphology-switching self-assembled block-copolymer
nanoparticles. (A) Triblock copolymer motif with defined hydrophobic, responsive
and hydrophilic segments; (B) micelle to vesicle (bilayer) transition upon heating
the responsive block above its LCST.
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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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PNIPAM displays a sharp transition at its LCST ~32 °C 
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(1) Wang, Macromolecules, 1998;  (2) Ono, JACS, 2006;  (3) FitzGerald, Langmuir, 2014 

C12NIPAMm surfactants 

polar groups that mimic the features of the self-assembly of
traditional nonionic surfactants.18 The other singular advantage
of RAFT-derived amphiphiles is that they remain active as
chain-transfer agents and so can be used for the in situ
polymerization of a variety of self-assembled and dispersed
phases.19,26,27

In this work, we investigate the self-assembly of a series of
temperature- and pH-responsive polyNIPAM-based surfactants
as a function of molecular weight. The polyNIPAM surfactants
(C12NIPAMm shown in Figure 1) are prepared in a single step

using a RAFT agent with an n-dodecyl hydrophobic tail, which
is long enough to induce self-assembly and typical of small-
molecule surfactants. Temperature responsiveness is generated
by incorporating NIPAM with a degree of polymerization in the
range of values typically found in modern block co-oligomers
and copolymers. pH responsiveness is added via an ionizable
carboxylic acid group in the RAFT agent so that each
amphiphile has exactly one ionizable group. These are similar
in design to carboxylate and sulfate derivatives of poly-
(oxyethylene) n-alkyl ether surfactants widely used in personal
care formulations.28−31

■ EXPERIMENTAL SECTION
NIPAM (Aldrich) was polymerized using a 4,4′-azobis(4-cyanovaleric
acid) initiator (Aldrich), 2-(dodecylthiocarbonothioylthio)-2-methyl-
propionic acid RAFT control agent (A. Serelis),32 in the mole ratio
n:0.2:1.0, where n is the target degree of polymerization. Samples were
flushed with nitrogen for approximately 15 min and then polymerized
at 70 °C in methanol (Merck) for typically 16 h to achieve greater
than 95% conversion. The degrees of polymerization realized were
calculated from measured molecular weights determined by size
exclusion chromatography (SEC) and are given in Table 1.

Molecular weights were measured using a Polymer Laboratories PL-
GPC 50 SEC with a differential refractive index detector and two
PolarGel-M analytical columns (300 × 7.5 mm2) at 50 °C. The flow
rate was 0.7 mL min−1, and the eluent was N,N-dimethylformamide
containing 0.04 g L−1 hydroquinone and 0.1 wt % lithium bromide.
Samples were dissolved in the eluent (with water added as a flow rate
marker) and filtered prior to injection (0.45 μm PTFE filters). The
molecular weights of the polymers were determined using Cirrus GPC

software with a conventional calibration obtained from polystyrene
standards (6.82 × 102 to 1.67 × 106 g mol−1).

Surfactant penetration (flooding) scans of these polymers in contact
with aqueous solutions revealed no optically birefringent phases by
polarizing microscopy. Cloud points (LCSTs) were measured on an
SRS OptiMelt automated melting-point apparatus at a heating rate of 4
°C min−1. Cloud points were determined from an extrapolation of the
measured opacity above the cloud point back to the baseline.

Small-angle neutron scattering (SANS) was measured on the
Quokka SANS line33 of the Opal reactor at the Australian Nuclear
Science and Technology Organization (ANSTO) using 5 Å neutrons
(Δλ/λ = 0.065) at a single sample-to-detector distance of 3.3 m (SSD
= 10 m and 30 cm detector offset) to give a q range of 0.01−0.34 Å−1.
Data reduction and analysis was performed in Igor Pro 6.31 using the
NIST macros34 modified for Quokka data sets.

SANS data was fit using the “hairy” spheroid model given by35
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where Fmic(q) is the scattering from a single micelle, Fs(q) is the
scattering from the spheroidal core,36 Fc(q) is the scattering from a
polymer chain using the Debye equation,37 Ssc(q) is the scattering
between the core and a polymer chain in the shell, and Scc(q) is the
scattering between chains in the shell. N is the number of polymers per
aggregate (aggregation number), Bx = VxΔρx, where V is the volume of
the hydrophobic block (Vs) or polymer chain (Vc), and Δρ is the
scattering length density difference (contrast) between the solvent
(D2O) and either the hydrophobic tail (Δρs) or the polymer chain
(Δρc).

■ RESULTS AND DISCUSSION
Nonionic C12NIPAMm: Cloud Points. Figure 2 shows the

cloud points of 1 wt % aqueous solutions of the acidic (un-

ionized) form of C12NIPAMm as a function of the degree of
polymerization, m, together with literature values for
polyNIPAM homo-oligomers over the same range of degree
of polymerization.22 Both samples approach the same limiting
value of approximately 33 °C at high molecular weight but do
so from different directions. The cloud points of the
polyNIPAM oligomers decrease slightly to their final value
while the C12NIPAM7 cloud point lies below room temperature
and increases with m to the same final value. This trend for
amphiphilic NIPAM appears to be due to the hydrophobicity of
the tail group dominating at a low degree of polymerization to
lower the LCST.38 This is, at least qualitatively, similar to the
behavior of poly(ethylene oxide)-based oligomers bearing large
hydrophobic groups on one24 or both ends.39

Figure 1. PolyNIPAM-based surfactants (C12NIPAMm).

Table 1. Target and Measured Degrees of Polymerization
(DPtarget and DPSEC, Respectively), Number and Weight-
Average Molecular Weights (Mn and Mw, Respectively), and
Dispersity (Đ) for C12NIPAMm

a

DPtarget DPSEC Mn Mw Đ

10 7 1110 1420 1.28
20 17 2300 2730 1.19
40 39 4720 5660 1.20
60 60 7170 8470 1.18
80 78 9210 11 060 1.20
100 96 11 200 13 400 1.19

aDPSEC, Mn, Mw, and Đ were measured using size exclusion
chromatography (SEC).

Figure 2. Cloud points (1 wt %) for C12NIPAMm (in D2O) as a
function of the degree of polymerization, m. Circles are
C12NIPAMmand squares are literature values of polyNIPAM oligomers
with no hydrophobic group attached.22

Langmuir Article

dx.doi.org/10.1021/la501861t | Langmuir XXXX, XXX, XXX−XXXB



PNIPAM oligomers and surfactant studied in this work 
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Details of the atomistic simulations 
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•  OPLS with modified dihedrals1 

•  TIP4P/2005 water model 
•  Gromacs 4.6.5 
•  100-400 ns production in NPT ensemble 
•  2 fs time step 
•  Canonical thermostat 
•  Parrinello-Rahman barostat 
•  Short-range nonbond with 1.0 nm cutoff 
•  Long-range electrostatics with PME 
•  Cubic box, 4.0-9.0 nm 

(1) Sui, J. Chem. Theory Comput., 2012 



Collapse observed only in longer PNIPAM oligomers 

11/18/14 6 

0.5 1.0 1.5 2.0

1
2
3
4
5
6

Rg ! nm

f"R g#

1
2
3
4
5
6

f"R g#

2
4
6
8
10
12

f"R g#

"a#

"b#

"c#

280 K
330 K
360 K

Radius of gyration 

10 15 20 25 30 35 40

0.1

0.2

0.3

SASA ! nm2

f"SAS
A#

0.1
0.2
0.3
0.4
0.5

f"SAS
A#

0.2

0.4

0.6

0.8

f"SAS
A#

"d#

"e#

"f#

Solvent accessible surface area 

N = 8 

N = 18 

N = 30 



Distance maps identify average chain conformations 
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Segments of 9-10 monomers corresponds with persistence length of PNIPAM   
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Surfactant single chain does not show responsive behavior 
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Surfactant structures are similar at both temperatures 
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Polymer-polymer contacts increase above transition temperature 
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Alkyl-PNIPAM contacts decrease above transition temperature 
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Alkyl tail interferes with hydrogen bond formation 
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Conclusions 
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•  Structural transition observed in longer PNIPAM oligomers 

o  Collapse to minimize hydrophobic surface in contact with water 

o  Segments of 9-10 monomers consistent with persistence length 

•  PNIPAM-C18 collapsed at both temperatures 

o  Addition of hydrophobic alkyl tail leads to drop in transition temperature 

o  Having alkyl tail alone in water is highly unfavorable 

•  Polymer-polymer contacts increase above transition temperature 

o  Except PNIPAM-alkyl contacts, which decrease 

o  Similar trends for polymer-polymer hydrogen bonds 

•  Polymer-water hydrogen bonds decrease at higher temperatures 

o  Alkyl tail interferes with hydrogen bond formation 

o  Chains remain partially hydrated in collapsed state 

•  Temperature-responsive behavior achievable for PNIPAM surfactants 

o  Increasing size of PNIPAM segment 

o  Formation of aggregates (e.g., micelles) 
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