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We report measurements of the bulk modulus of individual poly(N-isopropylacrylamide) microgels
along their swelling transition. The modulus is determined by measuring the volume-deformation
of the microgel as a function of osmotic pressure using dextran solutions. We find that the modu-
lus softens through the transition, displaying a non-monotonous behavior with temperature. This
feature is correctly reproduced by the theory of Flory for polymer gels, once the concentration
dependence of the solvency parameter is properly incorporated.

I. INTRODUCTION

Microgels are cross-linked polymer networks in the
colloidal-size domain that are able to swell and de-swell
in response to changes in external stimuli [1, 2]. They
are isotropic elastic materials. As a result, they can be
characterized with two elastic moduli. Of particular rel-
evance are the bulk and shear moduli, as they both play
an important role in microgel applications [3] and af-
fect the particle swelling kinetics [4] and determine its
response to external osmotic and shear stresses [5–8].
In addition, single-particle elasticity affects the suspen-
sion non-equilibrium [9] and mechanical behavior [10, 11].
Among most microgels, those based on the thermosen-
sitive polymer poly(N -isopropylacrylamide) (pNIPAM)
have received most attention [12, 13]. Particles based on
pNIPAM appreciably deswell at a lower critical solution
temperature (LCST) of ∼ 305K; it is the change in sol-
ubility around this temperature which is responsible for
this behavior.
Interestingly, recent measurements of the Young’s

modulus of individual microgel particles reveal a signif-
icant softening around the LCST [14]. While the shear
modulus, G, of the particles can only undergo a continu-
ous increase with temperature, since G is mainly deter-
mined by the cross-link density, which progressively in-
creases as the particle size decreases, the bulk modulus,
K, of the particles can exhibit a non-monotonous behav-
ior, as has been observed for macroscopic hydrogels [15].
However, direct measurements of K for pNIPAM micro-
gels through the deswelling transition are non-existent,
reflecting the difficulties in performing these experiments.
A major problem is that pNIPAM microgels aggregate
and eventually gel [16] at temperatures above the LCST;
the change in solubility responsible for particle deswelling
also induces the required interparticle attraction for the
suspension to become colloidally unstable. As a result,
methods relying on measuring the size change of micro-
gel particles in suspension are inapplicable. A solution to
this problem relies in directly probing an individual iso-
lated particle. This has been very beautifully achieved
recently using a microfluidics-based method consisting of
pushing a microgel particle through a tapered capillary
and quantifying its deformation as a function of applied
pressure [7]. However, the method uses optical imag-
ing and is limited to microgels with diameter & 2µm;

this excludes the important size range below the micron.
Atomic force microscopy is an alternative, but up to date,
only measurements of the microgel Young’s modulus have
been reported [14].
In this paper, we report measurements of the bulk

modulus of pNIPAM microgels co-polymerized with
poly(ethylene glycol) diacrylate (PEG), which acts as
cross-linker, through the thermal swelling transition. By
incorporating PEG units into the microgels, we maintain
a repulsive interaction between particles at all tempera-
tures [17], avoiding aggregation and gelation around and
above the LCST. We find that along the temperature-
induced, monotonic deswelling transition, the bulk mod-
ulus exhibits a softening behavior around the LCST. As
a result, K displays a non-monotonic behavior with tem-
perature. We further use the theory of Flory for polymer
gels [18] to describe our observations. Remarkably, the
values of the parameters needed to describe this partic-
ular behavior agree with those obtained from a descrip-
tion of the swelling transition. Our results are the first
experimental evidence that K softens around the LCST
for pNIPAM-based microgels supporting the interpreta-
tion that the softening of the particle Young’s modulus
resulted from the behavior of the bulk modulus. This
clearly suggests that rich and unexpected suspension be-
havior could happen in the vicinity of the LCST.
II. EXPERIMENTAL METHODS

Microgels are synthesized using aqueous free radical
precipitation polymerization using a total monomer con-
centration of 70 mM with a molar composition of 98%
NIPAM and 2% PEG with molecular weight 700 g/mol.
Surfactant SDS is used at a concentration of 1 mM. The
aqueous monomer+surfactant solution is magnetically
stirred in a three-neck round bottom flask and purged
with N2 for approximately 1 hour while the solution was
heated to 70 oC. The initiator APS (1 mM final concen-
tration) was dissolved in 1 mL of deionized water and
added to initiate the polymerization. The reaction was
allowed to proceed for 4 hours at 70 oC under a blanket of
N2. Microgels of this composition have been shown pre-
viously to resist aggregation and non-specific protein ad-
sorption at temperatures above the pNIPAM LCST [17].
The inferred hydrophilicity of the particles at elevated
temperatures has been ascribed to surface-segregation of
PEG segments; this has been confirmed by variable tem-
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FIG. 1: (a) Swelling transition of pNIPAM-PEG microgels as
a function of temperature. (b) Fit to the theory of Flory for
polymer gels, considering a first-order concentration depen-
dence for χ. The deswollen size is taken as the high temper-
ature size, a0=74.5 nm.

perature 1H NMR measurements [17].

We determine the particle size using dynamic light
scattering. We use a 3D-DLS set-up from LS Instruments
equipped with a He-Ne laser (λ=632.8nm, 25mW) that
is split into two parallel beams, which are forced to cross
inside the sample. The scattered light from these two
beams is collected in two avalanche photodiodes look-
ing at the same scattering volume and their signals are
cross-correlated to obtain the intensity correlation func-
tion, g2(τ), with τ being the correlation time. Oper-
ated in this way, this function is only sensitive to sin-
gle scattering events [19]. The electric field correlation
function, g1(τ), is obtained using the Siegert relation,
g2(τ) = g1(τ) + Ωg21(τ), with Ω being the coherence fac-
tor. For dilute microgel suspensions, g1(τ) is well de-
scribed by a single exponential function, as expected for
diffusion processes. As a result, g1(τ) = e−Dq2τ , where
D is the diffusion coefficient of the microgel particle and
q = (4πnλ ) sin( θ

2
) is the modulus of the scattering wave

vector, with n the refractive index of the sample and θ
the scattering angle. From D, we obtain the microgel ra-
dius, a, using the Stokes-Einstein relation, D = ( kBT

6πηa ),
with kB the Boltzmann constant and η the solvent vis-
cosity. The temperature dependence of the microgel size
is reminiscent of that of the more typical pNIPAM mi-
crogels cross-linked with N,N’-methylene(bisacrylamide)
(BIS) [12, 13], as shown in Fig. 1(a). At room tem-
perature the microgel particle is highly swollen with a
radius a=188 nm and gradually deswells as temperature
rises. We note the transition temperature, defined as the
temperature corresponding to the largest size-T slope, is
slightly shifted by ∼ 2K with respect to the usual 305K
of pNIPAM-BIS microgels; this probably results from the
increased hydrophilicity of the particles due to the pres-
ence of PEG, which slightly shifts the hydrophobic col-
lapse of the polymer network [20].

III. TEMPERATURE-INDUCED DE-

SWELLING

To account for these results, we consider that at equi-
librium, the total osmotic pressure is equal to zero:

Πtotal=0. For non-ionic microgels, this condition im-
plies a balance between the osmotic pressure resulting
from the polymer-solvent mixing, Πmix, and an elastic
osmotic pressure, Πe. Both contributions are described
in the theory of Flory for polymer gels [21]:

Πmix =
NAkBT

νs
[φ+ ln(1− φ) + χφ2] (1)

Πe =
NckBT

V0

[(
φ

2φ0

)− (
φ

φ0

)1/3] (2)

where NA is Avogadro’s number, νs is the molar vol-
ume of the solvent, χ is the solvency parameter, Nc/V0

is the number of chains per unit volume in the deswollen
state, and φ is the polymer volume fraction within the
microgel. The key parameter in this balance is χ; it
reflects the free energy change when a solvent-polymer
contact is replaced by a solvent-solvent contact [18]:
χ = ∆H−T∆S

kBT = 1

2
− A(1 − Θ

T ) where Θ = 2∆H
2∆S+kB

is
the Θ-temperature of the polymer in the solvent and
A = 2∆S+kB

2kB
, with ∆H and ∆S being the enthalpy

and entropy changes in the process, respectively. Despite
the inherent temperature-dependence of the solvency pa-
rameter, the theory does not succesfully account for the
swelling behavior unless a concentration-dependence is
introduced [22, 23]. This is done by expanding χ as a
power series of φ: χ = χ0 + χ1φ + χ2φ

2 + .. [24], where
χ0 is the solvency parameter defined above, and χi are
empirical coefficients. By considering that at equilibrium
Πmix +Πe = 0 and using eqs. (1) and (2), together with
the concentration dependence of χ, we obtain the equa-
tion of state of the system:

TΠ=0 =
Aφ2Θ

νsNc

NAV0

[( φ
2φ0

)− ( φ
φ0

)1/3]− φ− ln(1− φ)
+

+
Aφ2Θ

(A− 1

2
)φ2 − (χ1φ+ χ2φ2 + ..)φ2

(3)

This equation relates the microgel size to the temper-
ature after considering that for isotropic swelling, φ

φ0

=

(a0

a )3, where the zero subscript refers to the deswollen
state of the system [18]. As the parameter φ0 is un-
known, we perform different fits of the T-φ curve for dif-
ferent values of φ0, leaving Nc, A, Θ, χ0, χ1 and χ2 as
free parameters. For a given value of φ0, the best fits
are always obtained for χ2=0 [25]. We pick φ0 by com-
paring the values of the parameters that result from the
fit with the expected values from the microgel synthesis
and observed microgel swelling, provided the quality of
the fit, which we quantify using the statistical measure
χ2, remains the same. From the synthesis, we know that
Nc/V0 = 7 · 1025m−3. From Fig. 1(a), we know that the
transition temperature, and thus the Θ temperature, is
307K. In addition, the values of A and Θ should lead to
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TABLE I: Fitting parameters describing the swelling behavior

φ0 A Θ(K) Nc/V0(m
−3) χ1 ∆S(J/K) ∆H(J)

0.55 -8.15 307.1 3.05·1025 0.30 -11.9·10−23 -3.67·10−20

a range of values for χ0(T) between 0 and 1 [24, 25]. The
result from all these consideration is φ0=0.55 and the set
of parameters is given in Table 1, where we also quote the
resulting values for ∆H and ∆S; they are both negative
and consistent with what has been reported for pNIPAM
microgels [25, 26], and macrogels [23]. The correspond-
ing fit is shown in Fig. 1(b). We note that φ0=0.55 is
below the more usual value of 0.8 reported for pNIPAM-
BIS microgels [25–27]; the presence of hydrophilic PEG
inside the particles leads to a more hydrated de-swollen
state.

IV. SOFTENING OF THE BULK MODULUS

The microgel compressibility studies are performed us-
ing dextrans as the stressing polymer; these have a molec-
ular weight of 150000 g/mol and exert a known osmotic
pressure at a given concentration [28, 29]. The exper-
iments consist in measuring g2(τ) for microgel-dextran
suspensions in the range of dextran concentration c=[0,
10] %, where depletion-induced flocculation is absent [6].
At low c, g2(τ) is characterized by a single decay due to
the microgel diffusion, whilst at larger c there are two
decays in g2(τ); a short time decay reflecting the fast dy-
namics of the dextran solution and a longer time decay
related to diffusion of the microgel particles. By carefully
considering all contributions to g2(τ), we can extract the
microgel size [28]. We do this for different dextran con-
centrations and different temperatures, as shown in Fig.
2(a), where we have already converted the dextran con-
centration into the corresponding osmotic pressure, Πext.
We observe that for low Πext, the microgel size remains
essentially constant indicating that in this region the ex-
ternal osmotic pressure is smaller than the particle bulk
modulus and deswelling does not occur. For larger Πext,
the particles begin to de-swell; this occurs when Πext is
comparable to K [30]. To determine K, we first plot the
data in terms of the microgel volume, as shown in Fig.
2(b) for the case of T=298 K. From the Πext-V slope,
we obtain the bulk modulus, K = −V (dΠext

dV ). We do so
for two different swelling states, V=0.85Vs and V=0.7Vs,
corresponding to particle compressions of 15 % and 30 %,
respectively, with Vs the volume of the swollen particle.

Remarkably, we obtain an appreciable softening of the
bulk modulus through the swelling transition; as the
microgel monotonically deswells with temperature, the
modulus decreases, reaches a marked minimum around
the LCST, and recovers again, as shown in Fig. 3(a).
This behavior is seen irrespective of where we evaluate
K in the swelling curve. The presence of the minimum
in K reflects the larger compressibility of the microgels
around the transition temperature, where a small change

FIG. 2: (Color online). (a) Radius of the pNIPAM-PEG mi-
crogels versus osmotic pressure. The temperature increases
from top to bottom in the range [298-311] K. (b) Log-log plot
of the osmotic pressure versus the particle volume. From the
slope in the region where the microgel is deswelling, we de-
termine de bulk modulus. We pick to states in this region to
illustrate that our results do not strongly depend on where
you estimate K.

in temperature induces large changes in size. As a result,
the equilibrium state of the microgel can be unbalanced
at smaller external osmotic pressures around this point.
We emphasize here that the bulk modulus of water is
∼ 104 times higher than that of the microgel. As a re-
sult, the rigidity of the water does not contribute to the
bulk modulus of the microgel. To describe the behav-
ior of K around the transition temperature, we consider
Flory’s theory again. Within this theory, using Πtotal

and the definition of the bulk modulus, we obtain [18]:

K =
kBT

νs
{
Nc

V0

νs[
φ

2φ0

− (
φ

2φ0

)1/3] +
φ2

1− φ
− 2χφ2} (4)

We see that K depends on the density of chains and
on χ, which in turn depends on temperature and poly-
mer volume fraction. We use this equation and per-
form a fit of K/T versus temperature, using the size-
temperature relation of Fig.1(a) and considering the
swelling is isotropic. We further fix the value of χ0 to
the value at the transition temperature obtained from
the theoretical description of the swelling curve and per-
form fits at different φ0, leaving Nc/V0, χ1 and χ2 as free
parameters. Interestingly, we are unable to describe the
experimental results if the concentration dependence of χ
is truncated in the first order approximation. Only after
considering the power expansion in φ up to φ2 we are able
to capture the experimental behavior. This suggests that
around the transition temperature, where concentration
fluctuations are expected to be the largest [31, 32], many
body interactions are most important. In this situation,
the best fits are obtained for φ0=0.55, consistent with
what we found before. In addition, the value of Nc/V0

agrees reasonably well with what we obtained from the
swelling behavior, as shown in Table 2. The theory thus
correctly captures quantitatively the softening behavior
of K near the transition temperature; the best fits to the
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FIG. 3: (a) Bulk modulus of pNIPAM-PEG microgels as a
function of temperature. We show the results obtained for
V=0.85Vs (�) and V=0.7Vs (◦), which correspond to particle
compressions of 15 % and 30 %, respectively. The solid lines
are guides to the eye. (b) K/T versus T and fits of the data
around the LCST using Flory’s theory.

TABLE II: Parameters used to model the softening of the
bulk modulus around the LCST

φ0 Nc/V0(m
−3) χ0 χ1 χ2

V=0.85Vs 0.55 12 · 1025 0.55 0.03 1.00

V=0.70Vs 0.55 8 · 1025 0.53 0.13 0.78

data are shown in Fig. 3(b). However, we note that the
difference in K for high and low temperature is small
compared to the theoretical expectation. Furthermore,
for pNIPAM microgels [14] and macrogels [15], a differ-
ence of about an order of magnitude is observed. We
think this discrepancy results from the presence of PEG,
which maintains a flexible, hydrated state well above the
transition temperature [20], thus reducing the expected
particle stiffness. In addition, PEG is expected to be
more inhomogeneously distributed inside the particles,
particularly at high temperature where it is the main re-
sponsible for providing the required repulsion between
the particles to guarantee the colloidal stability of the
suspension [17].

V. CONCLUSIONS

We have measured the bulk modulus of pNIPAM-PEG
microgels as a function of temperature by monitoring the
particle size as a function of external osmotic pressure.
We find that whereas the microgel monotonically deswells
with temperature, the corresponding bulk modulus shows
a significant softening through the swelling transition.
This feature is well reproduced on the basis of Flory’s
theory for polymer gels, after considering a strong con-
centration dependence of the solvency parameter. Our
findings directly support the interpretation that the soft-
ening of the Young’s modulus of other pNIPAMmicrogels
[14] results from the behavior of K. In addition, the ob-
served softening can have important implications over the
mechanical behavior of packed suspensions of pNIPAM
microgels, as recently suggested [16]. We also emphasize
that the observed softening, if sufficiently large, can re-

sult in a negative Poisson ratio. In this case, a microgel
will expand in all directions after being stretched. The
implications of this peculiar behavior over the suspension
mechanical behavior have never been explored and can
result in novel material behaviors.

ACKNOWLEDGMENTS

We thank funding from the National Science Foun-
dation (GaTech MRSEC, DMR-0820382). A. F-N. also
thanks the ACS Petroleum Research Fund (PRF 50603-
DNI7).

[1] S.Nayak and L.A.Lyon, Angew. Chem. Int. Edit., 44,
7686 (2005).

[2] A.Fernandez-Barbero et al., Adv. Colloid Interface Sci.,
147-48, 88 (2009).

[3] M.Das, H.Zhang and E.Kumacheva, Ann. Rev. Mater.
Res., 36, 117 (2006).

[4] Y. Li and T. Tanaka, J. Chem. Phys., 92, 1365 (1990).
[5] B.R.Saunders and B.Vincent, J. Chem. Soc.-Faraday

Trans., 92, 3385 (1996).
[6] A.Fernandez-Nieves et al., J. Chem. Phys., 119, 10383

(2003).
[7] H.M.Wyss et al., Soft Matter, 6, 4550 (2010).
[8] L.K.Fiddes et al., Lab on Chip, 7, 863 (2007).
[9] J.Mattsson et al., Nature, 462, 83 (2009).

[10] S.Adams, W.J.Frith and J.R.Stokes, J. Rheol., 48, 1195
(2004).

[11] M.Cloitre et al., Phys. Rev. Lett., 90, 68603 (2003).
[12] B.R.Saunders and B.Vincent, Adv. Colloid Interface Sci.,

80, 1 (1999).
[13] R.Pelton, Adv. Colloid Interface Sci., 85, 1 (2000).
[14] S.M.Hashmi and E.R.Dufresne, Soft Matter, 5, 3682

(2009).
[15] S.Hirotsu, J. Chem. Phys., 94, 3949 (1991).
[16] G.Romeo et al., Adv. Mater., 22, 3441 (2009)
[17] D.J.Gan and L.A.Lyon, Macromolecules, 35, 9634

(2002).
[18] P.J.Flory, Principles of Polymer Chemistry, Cornell Uni-

versity Press, London (1953).
[19] K.Schatzel, J.Mod.Opt., 38, 1849 (1991).
[20] C.M. Nolan et al., Biomacromolecules, 6, 2032 (2005).
[21] M.Rubinstein and R.H.Colby, Polymer Physics, Oxford

University Press (2003).
[22] K.Dusek, Responsive Gels: Volume Transitions I, Ad-

vances in Poly. Science, Vol.109, Springer Verlag (1993).
[23] S.Hirotsu, Phase Transit., 47, 125 (1994).
[24] B.Erman and P.J.Flory, Macromolecules, 19, 2342

(1986).
[25] A.Fernandez-Barbero et al., Phys. Rev. E, 66, 011801

(2002).
[26] T.Lopez-Leon and A.Fernandez-Nieves, Phys. Rev. E,

75, 011801 (2007).
[27] J.J.Lietor-Santos et al., Macromolecules, 42, 6225

(2009).
[28] B.Sierra-Martin et al., Coll. Polymer Science, 289, 721

(2011).
[29] C.Bonnet-Gonnet, L.Belloni and B.Cabane, Langmuir,

10, 4012 (1994).
[30] S.P.Obukhov, M.Rubinstein and R.H.Colby, Macro-

molecules, 27, 3191 (1994).



5

[31] A.M.Hecht et al., Macromolecules, 25, 6915 (1992).
[32] M.Shibayama, T.Tanaka and C.C.Han, J. Chem. Phys.,

97, 6829 (1992).


