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Micromechanics of temperature sensitive microgels: dip
in the Poisson ratio near the LCST†

Panayiotis Voudouris,ab Daniel Florea,ab Paul van der Schootbc and Hans M. Wyss*ab

Microgels of poly-N-isopropylacrylamide (pNIPAM) exhibit a remarkable sensitivity to environmental

conditions, most strikingly a pronounced deswelling that occurs close to the lower critical solution

temperature (LCST) of the polymer at z32 �C. This transition has been widely studied and exploited in a

range of applications. Along with changes in size, significant changes are also expected for the

mechanical response of the particles. However, the full elastic properties of these particles as a function

of temperature, T, have not yet been assessed at the single-particle level. Here we present

measurements of the elastic properties of pNIPAM particles as a function of both temperature and

cross-linking density using capillary micromechanics, a technique based on the pressure-dependent

deformation of particles trapped in a tapered glass capillary. The shear elastic modulus G increased

monotonously upon increasing temperature. In contrast, but in qualitative agreement with previous

experiments on macroscopic pNIPAM hydrogels, we found that the compressive elastic modulus K of

our microgels exhibits a dip close to the LCST. Remarkably, this dip is less sharp and deep than that

observed in macroscopic hydrogels. The Poisson ratio of the particles also exhibits a pronounced dip

close to the LCST, reaching unusually low minimum values of s z 0.15. To rationalize this behavior, we

compared our experimental data to Flory–Rehner theory; the theory is able to qualitatively predict the

general mechanical behavior observed, thus indicating that the observed dip in the Poisson ratio can be

accounted for by simple thermodynamic arguments.
1 Introduction

Microgels combine the intriguing properties of both polymeric
networks and colloidal particles in a single material.1 Like
polymeric gels they exhibit very pronounced swelling/collapse
transitions as a function of physicochemical conditions such as
ionic strength, pH, solvent quality, or temperature.2–6 Like
colloids they are particles with a size ranging from tens of
nanometers up to tens of micrometers.

However, as a result of this combination of contrasting
properties, their behavior also differs in important ways from
those found in both conventional colloids and in bulk polymer
gels. Unlike hard colloids, microgel particles can change both
their volume as well as their shape due to their polymer-like
exibility.7–11 As a result, the concentration dependence of their
viscoelastic properties is much less pronounced than that of
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conventional colloids. For hard particles the transition from a
liquid-like to a solid-like behavior occurs within just a few
percent in volume fraction, a comparable change in behavior in
so microgels is much more gradual and can require an
increase of more than an order of magnitude in concentra-
tion.8,12 Unlike bulk hydrogels, microgel particles respondmuch
more readily to changes in environmental conditions, with a
response to these changes occurring within seconds or minutes
rather than hours or even days.13–15 This qualitative change in
response time is caused by an additional length scale, the
particle size, which is not present in bulk hydrogels. As a result,
by tuning this length scale as well as the polymer concentration
and the cross-linking density, the response of these materials
can be sensitively tuned, making them ideally suited for appli-
cations such as drug-delivery materials, pharmaceutical
systems, or for responsive scaffold materials in tissue-engi-
neering applications.2,16–19 Microgels are also oen used as
additives in personal care products, foods, and in advanced oil
recovery, where their tunable material properties are exploited
for precisely controlling the macroscopic viscoelastic properties
of the material.5,20–23

Despite the widespread use of these materials in these
practical applications, as well as in applied and fundamental
scientic studies, their macroscopic mechanical properties are
still poorly understood. Such understanding must link single
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3sm50917f
http://pubs.rsc.org/en/journals/journal/SM
http://pubs.rsc.org/en/journals/journal/SM?issueid=SM009029


Paper Soft Matter

Pu
bl

is
he

d 
on

 2
4 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
09

/0
4/

20
16

 0
3:

08
:1

6.
 

View Article Online
particle properties to properties at the macroscopic scale.
Probing mechanical properties at the single particle level is thus
of key importance.

For poly-N-isopropylacrylamide (pNIPAM) microgels, a
dramatic collapse transition occurs as the temperature is
increased towards the lower critical solution temperature
(LCST) of the polymer. Accompanying this collapse transition,
we would expect signicant changes in the mechanical prop-
erties of these particles. Indeed, recent atomic force microscopy
(AFM) measurements on single pNIPAMmicrogel particles have
revealed a pronounced soening of the particles in the vicinity
of the LCST.7 However, these measurements have been limited
to measuring only a single mode of deformation: the Young's
modulus E of the particles was extracted by assuming a xed
value of the Poisson ratio s. In a similar AFM-based study, the
Young's modulus of pNIPAM particles was found to increase
continuously with temperature;24 in this case the authors even
assumed an incompressible material (s ¼ 0.5) in their analysis
of the Young's modulus. The absence of soening in these
experiments could also be explained by the fact that the parti-
cles used exhibited a signicant gradient in the internal cross-
linking density,25 as is oen observed for particles synthesized
by emulsion polymerization.26 In another study, by applying an
external osmotic pressure to pNIPAM particles, the compressive
elastic modulus K of single particles was measured directly,
revealing a non-monotonic behavior of K as a function of
temperature in the vicinity of the LCST.27 While these
measurements ensure a pure compressive mode of deformation
and should thus provide an accurate measure of the compres-
sive modulus, no information on the shear elastic modulus or
the Poisson ratio can be obtained.

Ideally, we would like to simultaneously measure both the
compressive and the shear modulus of the particles, which
together fully characterize the linear elastic behavior of the
particles, including the Young's modulus and the Poisson ratio
of the material. In this paper we report direct measurements of
the dramatic changes in elastic properties of single pNIPAM
microgel particles as a function of temperature, crossing the
collapse transition that occurs around the LCST of the bulk
material. Using the recently developed capillary micro-
mechanics method,11,28,29 we have measured the compressive
elastic modulus K and the shear elastic modulus G over the
entire transition region. We observed dramatic changes in both
these quantities in the vicinity of the LCST. Most notably we
found a pronounced drop of the compressive modulus around
the LCST, accompanied by a simultaneous increase of the shear
modulus. As a result, the Poisson ratio s of the material drops
dramatically, reaching values close to zero, as has been previ-
ously observed in macroscopic pNIPAM hydrogels30,31 and for
other polymer gel materials.32

We account for these pronounced changes in material
behavior by comparing our experiments to predictions from
Flory–Rehner theory,33,34 which we nd to be in adequate but
not perfect agreement with our experimental observations. In
particular, the model does not enable us to quantitatively
account for the temperature-dependent particle deswelling and
simultaneously the change in elastic properties of the particles
This journal is ª The Royal Society of Chemistry 2013
using the same model parameters. However, qualitatively the
theory is able to predict the general behavior observed, thus
indicating that the observed dip in the Poisson ratio can be
accounted for by simple thermodynamic arguments. We attri-
bute this discrepancy to limitations of the simple theory used,
which predicts a much sharper collapse transition than
observed in the experiment.
2 Experimental
2.1 Synthesis of microgel particles

We produced our poly-N-isopropylacrylamide (pNIPAM) parti-
cles by rst making droplets of aqueous monomer solution
using microuidic devices; subsequently the droplets were
polymerized to form pNIPAM microgel particles. To fabricate
droplets of controlled, uniform size, we used poly-dimethylsi-
loxane (PDMS) ow focusing microuidic devices of 60 mm
channel width, fabricated through so lithography.35

To vary the properties of the particles, we produced four
batches of aqueous pre-polymer solution with different
concentrations of the cross-linker (N,N0-methylene-bis-acryl-
amide: 0.25, 0.5, 0.7 and 1.0 wt%), while keeping the concen-
tration of the monomer N-isopropylacrylamide (NIPAM) xed at
10 wt% (10 mM). These concentrations correspond to cross-
linker-to-monomer molar ratios of 1/36, 1/14, 1/10, and 1/7,
respectively. To eventually induce polymerization, we also
added 0.2 wt% of photo-initiator (2-hydroxy-40-(2-hydroxy-
ethoxy)-2-methylpropiophenone, Sigma-Aldrich) in the aqueous
phase. For the oil phase, we used a poly-dimethylsiloxane
(PDMS) uid (h¼ 50 cSt, Sigma-Aldrich) containing a surfactant
(2 wt%, Abil EM-90, Evonik Industries) to decrease the surface
tension of the water–oil interface and to stabilize the forming
droplets against coalescence.

The oil and the water phases were infused into the micro-
uidic device through polyethylene tubing (Scientic
Commodities, 0.86 mm inner diameter) using positive
displacement syringe pumps (Pump Nexus 3000). We moni-
tored the droplet formation with a digital camera (Moticam
2000) attached to an inverted optical microscope (Motic AE31)
to make sure the device operated in a dripping regime, where
droplets of highly uniform size distribution are produced.
These droplets were then collected in a Petri dish lled with oil
and irradiated with a UV lamp (Vilber-Lourmart, model
VL215.LC) for 5 minutes, resulting in photopolymerization of
the aqueous droplets and the formation of pNIPAM microgel
particles. Particles were subsequently washed by a series of
dilution and centrifugation steps, thereby removing the oil
phase and the surfactant. Aer swelling in water at room
temperature, the particles exhibited a narrow size distribution
with an average diameter larger than the initial drop size, the
swelling ratio of initial droplets to swollen particles depending
on the cross-linker to monomer ratio.

To quantify the volume phase transition of our particles, we
used a temperature-controlled chamber (Linkam Scientic
Instruments, model TP–93/LNP), mounted on an optical
microscope (Zeiss), and imaged the same group of particles as a
function of temperature. As shown in the series of images in
Soft Matter, 2013, 9, 7158–7166 | 7159
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Fig. 1(B), the particle size decreased signicantly as the
temperature was increased across the LCST. The particle size at
each temperature was extracted from the images, averaging over
several particles at each temperature. In Fig. 1(A), we plot the
particle diameter as a function of temperature for the four
different batches of particles studied, which were synthesized
with four different cross-linker-to-monomer ratios. To better
compare the relative shrinking of the four batches of particles,
the temperature-dependent particle diameter is scaled by d0,
the diameter at T ¼ 40 K, where the particle size has reached a
plateau in a fully collapsed state. The observed swelling ratios
clearly depend on the cross-linker-to-monomer ratios of the
particles. The particles that were synthesized with the lowest
initial concentration of the cross-linker (cross-linker to mono-
mer ratio of 1/36) exhibit the most pronounced size change,

corresponding to a swelling ratio of
dT¼23 �C

dT¼40 �C
z2:5. With

increasing cross-linker concentration the swelling ratio
continuously decreases to a value of 2 for the batch of particles
with a cross-linker-to-monomer ratio of 1/7. This deswelling
behavior of our microgel particles is largely in line with existing
studies of the collapse transition of macroscopic pNIPAM
hydrogels31 and microgel particles.2
2.2 Capillary micromechanics

To access both the compressive elastic modulus and the shear
elastic modulus of our particles, we employed the recently
developed capillary micromechanics technique.11,29 The
Fig. 1 Deswelling transition of pNIPAM microgels as a function of temperature.
(A) Particle diameter scaled to its value in the fully collapsed state d/d0 as a
function of temperature T for different monomer crosslinker ratios (squares: 1/36,
circles: 1/14, up triangles: 1/10, down triangles: 1/7). Solid lines through each
measurement denote a prediction of the Flory–Rehner theory. (B) Microscopy
images of single pNIPAM microgels at different temperatures. The scale bar
corresponds to 50 mm.

7160 | Soft Matter, 2013, 9, 7158–7166
experimental setup consisted of a tapered glass capillary with a
taper angle a with the capillary inlet connected to a exible
tube, as shown schematically in Fig. 2(A). At the start of an
experiment a dilute suspension of particles was injected into
the capillary by applying a pressure p to the exible tube. To do
so we use the hydrostatic pressure in the tube, which we
controlled by varying the lling height.

As the diameter of the capillary at the tip is smaller than the
diameter of the particles, the rst particle that approaches the
tip will block the further ow of the uid in the capillary. As a
result, the entire pressure difference p between the inlet
and the outlet of the capillary now falls off across this particle.
As the applied pressure is increased, the resulting external
forces acting on the particle cause it to move closer to the tip
of the capillary and the particle deforms both in the shape as
well as in the volume, as shown in Fig. 2(B). In equilibrium,
when the particle no longer moves or deforms, the externally
applied stress must balance the internal elastic stress of the
particle.

The particle deformation as a function of p is characterized
with an optical microscope, enabling us to directly quantify the
elastic properties of the particle. In the experiments on our
samples we increased the applied pressure in steps from p ¼
100 Pa to p ¼ 9 kPa and monitored the resulting elastic
Fig. 2 Capillary micromechanics measurement. (A) Schematic of the experi-
mental setup. A tapered glass capillary is connected at the inlet to a flexible tube
and at the outlet into a reservoir. A suspension of particles is injected by applying
a pressure p to the inlet; flow stops when a single particle becomes trapped near
the tip of the capillary. (B) Series of images of a single microgel particle at one
fixed temperature (T ¼ 23 K). As the applied pressure p was increased (from
bottom to top), the particle moved closer to the tip of the capillary and changed
both its shape as well as its volume in the process. The initial and final rear
positions of the particle are indicated for clarity as i and f, respectively. (C) Plot of
the characteristic stress for compression, (2pwall + p)/3, as a function of DV/V; the
slope of this curve corresponds to the compressive elastic modulus K. (D) Char-
acteristic stress for shear deformation, (pwall � p)/2, as a function of the charac-
teristic strain 3r � 3z; the slope of this curve is the shear elastic modulus G.

This journal is ª The Royal Society of Chemistry 2013
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deformation of a particle, as seen in Fig. 2(B). It can clearly be
seen in the images that our pNIPAM particles changed not just
their shape, but also their volume in the process. We charac-
terized the volume from the images by taking into account that
the shape of the particles is rotationally symmetric around the
central axis of the glass capillary. To characterize the changing
shape of the particles we focussed on the contact surface
between the particle and the glass wall, which has the shape of a
tapered circular band. In order to quantify both the changes in
shape as well as volume of the particles, we extracted the posi-
tions of 6 characteristic points on the acquired images: the
foremost and rearmost points of the particles along the central
axis of the capillary, as well as the four points at the edge of
the contact band between the particle and the glass wall of
the capillary.

We denote the length of this band along the ow direction as
Lband and the average radius of this band as Rband, which we use
as a measure of the longitudinal strain deformation 3z and the
radial strain deformation, 3r, respectively. The particle volume
was calculated from the positions of the 6 characteristic points
by assuming that the particle is rotationally symmetric along
the central axis of the capillary and consists of 3 sub-volumes: a
frustum of a cone with circular cross-section at the center, and
two sphere caps at the front and the rear of the particle.11,29 In
this simple description of the particle deformation, the
parameters V, Rband and Lband are sufficient to describe the
shape and volume change of the particle in order to analyze its
elastic properties.

In equilibrium, the externally applied stress on the particle is
balanced by the internal elastic stresses. This balance allows us
to quantify the elastic properties of the material in terms of the
compressive elastic modulus K and the shear elastic modulus G.
The external forces exerted on the particle by the walls of the
capillary are quantied by a wall pressure pwall; this is the
average force per unit area acting on the contact surface
between the particle and the glass capillary. From the balance of
the externally applied forces acting on the particle, the wall
pressure is derived as

pwall ¼ p

gf cos aþ sin a

Rwall

2Lwall

; (1)

where a is the taper angle of the capillary. Static friction at the
walls exerts a net friction force Ff z gf pwall2pRbandLbandcos a

acting on the particle with a friction coefficient gf. As friction
between pNIPAMmicrogels and glass surfaces is in general very
low, in the range of gf ¼ 10�4 to 10�3,11,36 we have neglected the
effects of friction by setting gf ¼ 0 in eqn (1). The wall pressure
can then be written as

pwall ¼ p

sin a

Rwall

2Lwall

: (2)

Finally, we assumed that the stress is isotropic inside the
particle and identied the externally applied stress in the ow
direction with the applied pressure difference p and in the
radial direction with the wall pressure pwall. For an isotropic
material these elastic stresses can be written as a function of K
and G, as well as the three-dimensional strain deformations as
This journal is ª The Royal Society of Chemistry 2013
sr ¼ Kð23r þ 3zÞ þ 2

3
Gð3r � 3zÞ; (3)

and

sz ¼ Kð23r þ 3zÞ � 4

3
Gð3r � 3zÞ: (4)

Balancing these externally applied stresses with the internal
elastic stress yields the elastic compressive modulus

K ¼ 1

3

2pwall þ p

23r þ 3z
; (5)

and the shear elastic modulus

G ¼ 1

2

pwall � p

3r � 3z
: (6)

These expressions are physically intuitive if we consider that

(2pwall + p) and
1
2
ð pwall � pÞ can be seen as characteristic stresses

for a volumetric compression and a shear deformation,
respectively. Similarly, the volumetric strain DV/V z (23r + 3z)
characterizes a pure volume deformation, while (3r � 3z) can
be seen as a characteristic strain for a shear deformation,
characterizing a change in shape.11,29 Our analysis was thus
performed by plotting the characteristic stress for compres-
sion and for shear as a function of the corresponding char-
acteristic strain, as shown in Fig. 2(C) and (D), respectively.
The red circles show results for the particles with an initial
cross-linker-to-monomer molar ratio of 1/14, while the black
squares show results for the soest particles studied, for
which during synthesis we used a cross-linker-to-monomer
molar ratio of 1/36.
3 Results and discussion
3.1 Particle size as a function of temperature

The most prominent temperature-dependent property of pNI-
PAM particles is the collapse transition that occurs as the
temperature is increased across the lower critical solution
temperature. Our particles are synthesized via drop-based
microuidics, yielding typical sizes on the order of tens of
micrometers. We were thus able to observe the deswelling tran-
sition of the particles directly in an opticalmicroscope, equipped
with a temperature-controlled sample chamber (Linkam Scien-
tic Instruments, model TP–93/LNP). A typical example of this
temperature-dependent deswelling is shown for a single micro-
gel particle in the series of images in Fig. 1(B). The particle size
decreased with temperature and nally, well above the LCST, at
T > 38 �C the particle size reached a fully collapsed state.

In order to rationalize the size dependence as a function of
temperature and cross-linker concentration, we compared our
results to Flory–Rehner theory, which has been extensively used
to describe the behavior of macroscopic hydrogels and has also
recently been applied to microgels and minigels.7,9,37

According to Flory–Rehner theory the swelling equilibrium
at each temperature corresponds to the conditions where the
total osmotic pressure acting on the gel, Ptotal, is zero. In this
context, the osmotic pressure arises from two main
Soft Matter, 2013, 9, 7158–7166 | 7161
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Table 1 Parameters from fits to the temperature-dependent particle diameter
d(T), according to eqn (9), where f0 and Ngel were fixed and the other parameters
used as free parameters. Fits (i), (ii-a), (iii) and (iv) are shown in Fig. 1(A) as solid
lines. Fits (ii-a), (ii-b) and (ii-c) are shown in Fig. 4(A). The same parameters are also
used in Fig. 4(B)–(D), where the Flory–Rehner predictions for s(T), K(T), and G(T),
respectively, are compared to the experimental data

Fit f0 d0 Ngel A Q c2 c3

(i) 0.7 1 62 �7 318 0 0
(ii-a) 0.69 0.97 28 �3.73 318 0 0
(ii-b) 0.67 0.97 22 �4.45 320 �0.4 0
(ii-c) 0.62 0.97 22 �5.15 321 �0.76 0.42
(iii) 0.69 1 17.2 �5.8 318 0 0
(iv) 0.67 0.98 13 �5.2 318 0 0

Soft Matter Paper

Pu
bl

is
he

d 
on

 2
4 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
09

/0
4/

20
16

 0
3:

08
:1

6.
 

View Article Online
contributions. The rst important contribution is the osmotic
pressure due to mixing, expressed as

Pmix ¼ kBT

a3

�
fþ lnð1� fÞ þ cf2

�
; (7)

with kB the Boltzmann constant, c the Flory parameter that
accounts for the solubility of the polymer in the solvent, a the
monomer size, and f the polymer volume fraction within the
particle. The second contribution to consider is the elastic
contribution to the osmotic pressure, expressed as

Pelastic ¼ kBTf0

Ngela3

�
f

2f0

�
�
f

f0

�1
3
�
; (8)

where f0 is the polymer volume fraction within a particle in its
collapsed state, and Ngel is the average number of monomers
between cross-links.

In equilibrium, the total osmotic pressure difference has to
vanish, and therefore, in the absence of additional contribu-
tions to the pressure, these two contributions have to balance
each other, Ptot ¼ Pmix + Pelastic ¼ 0. Hence,

f0

Ngel

�
f

2f0

�
�
f

f0

�1
3
�

¼ �
fþ lnð1� fÞ þ cf2

	
: (9)

The Flory solvency parameter c describes the interactions of
the polymer with the solvent and depends in principle on the
temperature and the polymer concentration.34 The f-depen-
dence of c is expressed by expanding c in a power series of f,

c ¼ c1 + c2f + c3f
2, (10)

where we presume the temperature-dependent part of the c

parameter to be represented by c1, which can be expressed as

c1 ¼
1

2
� A

�
1� q

T

�
; (11)

with q the so-called theta temperature, dened as the temper-
ature where the excess chemical potential of mixing between
the polymer and the solvent is zero and the polymers behave
like ideal chains. For our pNIPAM system, the theta temperature
is above the critical temperature of the volume phase transition.
The parameter A is also a phenomenological parameter that we
determined by curve tting to our experimental data. We
presumed the parameters c2 and c3 to be temperature inde-
pendent for reasons of simplicity.

Finally, we assumed that the particles exhibit an isotropic
swelling, implying that the particle size cubed is inversely

proportional to the volume fraction, according to
�
d
d0

�3

¼ f0

f
.

By introducing our expression for the c parameter in eqn (9),
one obtains an explicit equation of state; for brevity we do not
display it here but instead refer to eqn (3) of a recent paper by
Sierra-Martin et al.27 This equation of state relates the temper-
ature to the polymer volume fraction in the microgel. In the
following, we compare the predictions that follow from this
equation of state to our experimental data.

As it stands, we have six free parameters, being f0, A, q, c2, c3
and Ngel which obviously is rather excessive. It turns out that we
7162 | Soft Matter, 2013, 9, 7158–7166
actually “only” need four, that is, we can set c2 ¼ c3 ¼ 0 to get
reasonable ts for our deswelling curves. (Below, we shall be
studying the inuence of c2 and c3 in predicting the outcome of
our mechanical experiments.) Unfortunately, we are able to
obtain ts with similar quality (similar standard deviation) for
quite different sets of values of these four parameters, f0, A, q
and Ngel. In order to make headway and make the curve tting
more meaningful, we limited the parameters Ngel and f0 to
physically meaningful values, in line with previously reported
values,7,27,31 making our procedure in a way a two- rather than a
four-parameter t.

For instance, the average number of monomers between
cross-links can be estimated from the synthesis by considering
that each cross-linker molecule connects two chains and hence
has 4 connections leading to other cross-links. So, the number
concentration of the chains connecting two cross-linkers
should be around twice that of the number of cross-linkers
themselves. So, for example, for 1/36 molar fraction of cross-
linker to monomer, we expect Ngel z 72. This is indeed very
close to the value of 62 that we obtain from a t to the data,
using f0 ¼ 0.7, as shown in Table 1, entry (i). We obtained an
even better agreement for the 1/14molar ratio sample, where we
expected Ngelz 28 and from our t we obtained a value of 28, as
shown in Table 1, entry (ii). Thus, choosing an appropriate value
of f0 and limiting Ngel to a physically meaningful range, we
obtained a reasonable t to our data, as shown in Fig. 1(A),
where at the same time the obtained tting parameters are in
agreement with what is expected from the microgel synthesis
and from previous experimental results.7,27,31

3.2 Particle modulus as a function of temperature

Along with the signicant deswelling of the particles, we also
expect dramatic changes in their mechanical properties upon
increasing the temperature across the LCST. In order to study
these changes in single-particle mechanics, we measured the
elastic properties of the particles across the volume phase
transition by using the recently developed capillary micro-
mechanics technique,11,29 as described in the Experimental
section. By plotting the characteristic stress for compression
and for shear as a function of the characteristic strains, as
shown in Fig. 2(C) and (D), the compressive and shear moduli
were determined, respectively, as the slope of these plots. At
This journal is ª The Royal Society of Chemistry 2013
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room temperature, a linear t to our data yields the shear elastic
moduli of G ¼ 2.7 kPa and G ¼ 3.3 kPa for 1/36 and 1/14 cross-
linker-to-monomer molar fractions. The data show linear
behavior up to the highest deformations probed, indicating a
linear elastic response. In analogy, for the compressive moduli
we obtain K ¼ 30 kPa and K ¼ 43 kPa, respectively for the two
different cross-linker-to-monomer ratios. For larger cross-link-
ing densities we expect higher moduli, which is indeed what
we found in our experiments, even though the observed
differences are relatively small, close to the standard deviation
of approximately 10% observed in our measurements (see also
in the ESI†).

By performing similar measurements at different tempera-
tures we thus quantied the full elastic behavior of the particles
as a function of temperature. Results are shown in Fig. 3(A) and
(B), where we plot the compressive elastic modulus K (solid
squares, le axis) and the shear elastic modulus G (open circles,
le axis) as a function of temperature for particles synthesized
with a cross-linker-to-monomer molar ratio of 1/36 and 1/14,
respectively. For both types of particles we observed qualita-
tively the same temperature dependence of their elastic prop-
erties. The shear modulus G of the particles increased
Fig. 3 Elastic properties as a function of temperature for particles prepared with
initial cross-linker-to-monomer ratios of 1/36 (A) and 1/14 (B). In both cases, the
compressive modulus K (solid squares, left axis) exhibited a pronounced decrease
close to the LCST, while the shear modulus G (open circles, left axis) increased
continuously. As a result, near the LCST the Poisson ratio s of the material (solid
line, right axis) dropped significantly at the LCST, reaching minimum values of s ¼
0.15 (A) and s ¼ 0.17 (B), respectively.

This journal is ª The Royal Society of Chemistry 2013
continuously with increasing temperature, with the steepest
increase taking place around the LCST of the material at around
33 �C. In contrast, the compressive elastic modulus K of the
particles exhibited a pronounced dip around the LCST, rst
decreasing from around 10 kPa at room temperature to around
6 kPa (A) or 4 kPa (B). Finally, above the LCST, K increased again
to a value of around 100 kPa in the collapsed state of the
particles.

This qualitatively different temperature-dependence of K
and G implies that the material does not behave like a
conventional polymer gel in the absence of an observable
collapse transition, where the ratio between the two moduli
would not change dramatically. Intuitively, we can relate these
differences to the volume phase transition that occurs at the
LCST; as the particles deswell, there is no physical reason for a
drop in the shear modulus G, which is expected to increase as
a result of the increase in the polymer concentration within a
particle and the increase of attractive interactions between the
polymer chains. Conversely, around the LCST, a small change in
temperature leads to a dramatic change in the particle volume.
In the absence of a large increase of the heat capacity of the
material in this temperature range, the dramatic deswelling of
the particles thus indicates that the energy required to change
the particle volume should be signicantly lowered. As a result,
we would intuitively expect a drop of the compressive elastic
modulus around the LCST of the material.

The dramatic changes in mechanical behavior of these
microgel particles can be further illustrated by considering the
Poisson ratio s of the material as a function of temperature. The
Poisson ratio, given as,

s ¼ 3K � 2G

2ð3K þ 2GÞ ; (12)

describes the deformation of a material under a uniaxial load; if
a material is compressed in one direction with a strain 3z, then
the deformation in the perpendicular directions is given as
3x,y ¼ s3z. For incompressible materials, s ¼ 1/2; this applies to
most common liquids and solid materials.

Here, as oen observed for polymer gels,32 we observe a
signicant deviation from incompressible material behavior, as
shown in Fig. 3(A) and (B), where the Poisson ratio is plotted as
a solid red line (right axis). At the lowest temperatures studied,
we found a Poisson ratio of s z 0.4, still relatively close to
incompressible behavior. However, as the temperature was
increased, we observed a signicant drop of s, reaching values
close to zero in the vicinity of the LCST; the Poisson ratio
reached a minimum of s z 0.17 and s z 0.15 for cross-linker-
to-monomer ratios of 1/36 and 1/14, respectively. Above the
LCST, the Poisson ratio returned to a more conventional value
of s z 0.4.

A Poisson ratio of zero is unusual for common materials, but
is theoretically expected for polymer gels under poor solvent
conditions.32 Such values close to zero have indeed been
previously observed for polymer gels32 and for macroscopic
pNIPAM hydrogels, where even negative values have been
reported.30,31,38,39 In these latter studies, comparisons to Flory–
Rehner theory have indicated that the theory can at least
Soft Matter, 2013, 9, 7158–7166 | 7163
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qualitatively account for the observed mechanical behavior. Fits
of Flory–Rehner theory to the mechanical behavior were per-
formed, yielding fair agreement with experimentally observed
mechanical properties. However, in principle, the deswelling
behavior of the material, according to eqn (9), should be suffi-
cient to obtain the relevant parameters for the Flory–Rehner
theory. These parameters could then be used to predict the
mechanical behavior, based on the observed temperature-
dependent deswelling behavior.

In the following, to test whether Flory–Rehner theory can
indeed account for the behavior observed in our experiments,
we use the model parameters obtained from ts to the
temperature-dependent particles size in order to predict the
mechanical behavior. According to Flory–Rehner theory
the compressive elastic modulus K is given by

K ¼ kBT

a3

�
f2

1� f
� 2cf2 þ f0

Ngel

�
f

f0

�
�

f

2f0

�1=3��
; (13)

where kBT is the thermal energy, a is the molecular size of a
monomer, and the f-dependence of the Flory parameter is
described by eqn (10). In addition, the shear elastic modulus G
is given by

G ¼ f0kBT

2Ngela3

�
f

f0

�1=3

: (14)
Fig. 4 Comparison between Flory–Rehner theory and experimental results for the T-
as a function of temperature. Experimental data are shown as full circles; lines sho
parameters c2 and c3 were set to zero, for the green dashed line c2 was used as a fit p
The same parameters obtained in (A) are used to calculate the predictions for the
monomer size was set to a ¼ 2 � 10�10 m.7,40 (B) Poisson ratio s(T). (C) Compressive m
linker to monomer molar ratio of 1/14.
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To test the validity of the theory, we performed several ts to
the temperature-dependent particle size, shown in Fig. 4(A),
where the experimental data are shown as full circles. In
describing the Flory solvency parameter according to eqn (10)
we have previously set the higher order parameters c2 and c3 to
zero, which yielded reasonably good curve ts to our deswelling
data, shown by the red dotted line in Fig. 4(A). This curve tting
should in principle predict the mechanical behavior as well.
However, as shown in Fig. 4(B)–(D), where we plot K, G and s as
a function of temperature, the prediction is at best qualitative:
the theoretical dip is much sharper and deeper than observed in
our experiments. It stands to reason that including the higher
order parameters c2 and c3 could produce a better agreement.

In order to test the inuence of including these higher order
parameters, we performed two additional ts, where c2 and c3,
describing the f-dependence of c, are included as additional t
parameters. The resulting ts are shown in Fig. 4. For the green
dashed lines c2 was used as a t parameter, and for the blue
solid lines both c2 and c3 were used.

The obtained parameters are listed in Table 1, as ts number
(iii–v). The quality of these three ts to the deswelling data does
not change signicantly, as shown in Fig. 4(A), where the three
curves largely overlap. Nevertheless, if we use these same
parameters for the prediction of the storage and loss moduli, as
given by eqn (13) and (14), signicant differences are observed.
While all three curves are able to predict the qualitative
dependent collapse andmechanical properties. (A) Relative particle diameter d/d0
w fits of the theory to the experimental data, where for the red dotted line the
arameter, and for the blue solid lines both parameters were used as fit parameters.
mechanical behavior, shown using the same line styles and colors in (B–D); the
odulus K(T). (D) Shear modulus G(T). All data shown are for particles with a cross-

This journal is ª The Royal Society of Chemistry 2013
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behavior observed in the experiment, the contribution of higher
orders in the f-dependence of c appears to lead to a closer
agreement with the mechanical experiments. The t with the
highest order in the f-dependence of c more closely matches
the experimental data than do the lower order ts, as shown in
Fig. 4(C); the minimum in K(T) is less pronounced and broader,
in closer agreement with the experimental data. For the elastic
shear modulus G(T), all three curves lie on top of each other, as
here the dependence on c is not important, as readily evident
from eqn (14).

However, while the theory does predict a sharp increase in G
around the LCST, the experimentally observed increase is much
more pronounced. Eqn (14) predicts an increase of G inversely
proportional to the particle diameter, or proportional to the
cube root of the polymer concentration within the particle,
G f f1/3. As pointed out by Hashmi and Dufresne,7 a scaling of
G f f, as predicted by conventional rubber elasticity theory,
would be in much closer agreement with experimental data for
both pNIPAM hydrogels and for the microgels studied here,
where Gf f would imply approximately a ten-fold increase in G
over the temperature range indicated, which would be in close
agreement with our experimental observations.

As a result, while Flory–Rehner theory can account for the
general behavior observed in our experiments, it does not
quantitatively predict the full behavior. Most striking is its
failure to predict the scaling of the elastic shear modulus across
the transition; it severely underestimates the f-dependence of
the elastic shear modulus, as shown in Fig. 4(D).
4 Conclusions

Our experiments for the rst time characterize the full elastic
response of pNIPAM microgels as the temperature is varied
across the LCST of the material. As found in earlier studies for
bulk hydrogels we found a non-monotonic temperature
dependence for the compressive modulus, which exhibits a
pronounced dip in the vicinity of the LCST. Also similar to bulk
hydrogels, the shear modulus does not exhibit such a dip,
instead increasing continuously as the temperature is
increased. As a result of the qualitatively different temperature-
dependences of K and G, the Poisson ratio of the particles shows
a pronounced minimum close to the LCST, reaching values
close to zero.

Physically, this behavior is the result of the free energy
required to change the particle volume, proportional to K,
dropping to very low values, while the free energy required to
change the particle shape, proportional to G, steadily increases.
As a result, for macroscopic hydrogels, even negative Poisson
ratios have been observed close to the LCST, which indicates
that it costs less free energy to change the volume than it does to
change the shape of a piece of material. For similar synthesis
conditions as those used in the studies onmacroscopic pNIPAM
hydrogels by Hirotsu,31 we did not quite observe a negative
Poisson ratio, but merely a dip to values close to zero. The depth
of the observed minimum in s follows the general trend
observed also in the macroscopic case; as the cross-linking
density decreases, the minimum value of s decreases and
This journal is ª The Royal Society of Chemistry 2013
eventually becomes negative at low enough cross-linking
densities. While this trend is conrmed in our experiments, for
the lowest cross-linking densities we could achieve, the
observed Poisson ratio remained positive. Our attempts to
further decrease the cross-linking density of our particles did
not lead to the formation of structurally intact microgels.
However, it is possible that negative Poisson ratios could also be
achieved in microgels if the cross-linking density could
successfully be further decreased, while keeping the integrity of
the microgel particles intact.

While the general trends observed for the elastic behavior of
macroscopic gels and our microgel experiments are similar, the
dip observed in our experiments for the Poisson ratio and the
compressive modulus as a function of temperature are much
broader than those seen in macroscopic gels. This could be a
result of the nite size of the particles, leading to a qualitatively
different behavior in the case of microgels than is observed for
hydrogels of macroscopic dimensions. Such a trend is also in
agreement with earlier experiments on microgel particles in
which only the compressive modulus27 or the Young's modulus
E of single microgel particles7 was measured as a function of
temperature; in both cases, a much broader dip in K or E,
respectively, is observed than for the case of macroscopic gels.
The physical reason for this apparent nite-size effect is still
unclear. Interestingly, recent experiments on the mechanics of
single pNIPAM polymer chains also appear to follow the same
trend, with single polymer chains representing the smallest
possible system size.41 In these experiments a dip in the single
chain spring constant was observed as a function of tempera-
ture; this dip is much broader than those observed in macro-
scopic gels and even broader than for our microgel particles.
This indicates that in order to quantitatively predict the
mechanical behavior observed in both microgels and macro-
scopic hydrogels, a new theoretical approach is needed, which
must specically account for the observed nite size effects.
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