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Real and In Silico Microgels Show Comparable Bulk Moduli
Below and Above the Volume Phase Transition

Tom Höfken, Urs Gasser, Stefanie Schneider, Alexander V. Petrunin, and Andrea Scotti*

The compressibility of soft colloids influences their phase behavior and flow
properties, especially in concentrated suspensions. Particle compressibility,
which is proportional to the reciprocal of the bulk modulus K, is a key
parameter for soft polymer-based particles that can be compressed in
crowded environments. Here, microgels with different degrees of
cross-linking, i.e., softness, are investigated below and above their volume
phase transition temperature (VPTT). By combining molecular dynamics
simulations with small-angle neutron scattering with contrast variation, a
change in the particle bulk moduli of two orders of magnitude is observed.
The degree of cross-linking has a significant impact on the bulk modulus of
the swollen microgel, while above the VPTT the values of K are almost
independent of the cross-linking density. The excellent agreement between
experimental results and simulations also highlight that the model microgels
from computer simulations possess both the internal architecture and the
elastic properties of real polymeric networks. This paves the way to a
systematic use of simulations to investigate the behavior of dense
microgel suspensions below and above their VPTT.
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1. Introduction

Microgels, cross-linked polymer networks
swollen in a good solvent, are a com-
monly studied model-system for soft
colloids.[1–3] When synthesized starting
from a monomer with a lower critical
solution temperature (LCST), they exhibit
responsiveness to external stimuli. This
property makes microgels interesting for
various applications such as a stabilizer
to obtain smart emulsions that can be
broken on demand simply by changing
the temperature.[4–6] Microgel thermo-
responsiveness is also pivotal in the use of
these materials as drug or gene delivery
systems.[1,7] Moreover, investigating mi-
crogels provides valuable insights into the
impact of softness on phase transitions and
flow properties.[3]

The most prominent example of thermo-
responsive microgels is the one synthesized
using poly(N-isopropylmethacylamide)

(pNIPAM).[2] An increase in temperature reduces the quality of
water as a solvent, so that it is expelled from the particle.[8] This
enables the on-demand change of packing fraction by simply ad-
justing the temperature, allowing, for instance, to study the crys-
tallization of soft spheres at different packing fractions,[9–11] the
glass-to-jamming transition,[12–14] and the flow behavior of com-
plex fluids.[15,16] Consequently, the prediction of microgel proper-
ties using computer simulations, in silico, holds significant ap-
peal and is already a common procedure.[17–19] For dense systems,
one of the most important properties a model microgel must re-
produce is the particle bulk modulus K, which is proportional
to the inverse of the particle compressibility, since this modulus
plays a key role in determining the microgel response to isotropic
compression.[20–22]

For large microgels (⩾ 1 μm), K is accessible experimen-
tally by combining osmotic stress polymers with microscopy[23,24]

or using capillary micromechanics and microfluidics.[25] How-
ever, for many applications and fundamental studies, it is de-
sirable to have microgels with radii smaller than a few hun-
dreds of nanometers,[3,26] rendering these tools unusable. Fur-
thermore, large microgels may not serve as ideal comparisons
for theoretical results since simulations are often constrained to
smaller systems.[18] Recently, we developed a method based on
osmotic stress exerted by deuterated polymer that uses small-
angle neutron scattering (SANS) with contrast variation to de-
termine the value of the bulk modulus experimentally and its
evolution upon compression for soft compressible colloids with
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Figure 1. Normalized radii as determined by SANS normalized vs osmotic
pressure. Inset: normalized hydrodynamic radii as a function of tempera-
ture.

dimensions of a few hundred nanometers.[27,28] From a compu-
tational perspective, the bulk modulus can be determined from
molecular dynamics simulations of a bead-spring microgel by
calculating the dependency of the microgel volume on the pres-
sure and extracting the bulk modulus from the slope of the linear
regime at low pressure and volume,[29] or by considering volume
fluctuations.[30]

Here, we extend our previous study[27] and determine the evo-
lution of the bulk modulus of pNIPAM microgels cross-linked
with N,N’-methylenebisacrylamide (BIS) at different tempera-
ture and swelling degrees, below and above their volume phase
transition temperature (VPTT). Without changing solvent qual-
ity, the softness of microgels is mainly influenced by the amount
of cross-linker used during the synthesis.[27] In contrast, the val-
ues of K for microgels above their VPTT are identical, within the
experimental error, independent of the amount of cross-linker
used during the synthesis. These experimental results are then
compared with the values of K obtained for in silico microgels
revealing a quantitative agreement in both their absolute values
and evolution through the volume phase transition.

2. Results and Discussion

2.1. Small-Angle Neutron Scattering

The inset of Figure 1 shows the swelling curves for the two mi-
crogels studied. The hydrodynamic radii Rh of dilute solutions of
microgels (c ≲ 0.1 wt%) have been determined using multi-angle
dynamic light scattering. The values of Rh of the microgels are
normalized to the values of Rh at a temperature T = 20 °C and
plotted as a function of T. The particles were synthesized via pre-
cipitation polymerization using 1 mol% (squares) and 0 mol%
(circles) of additional cross-linker, see Supporting Information
for further information. The 0% crosslinked particles are known
as ultra-low cross-linked (ULC) microgels, and their polymeric
network is formed due to the hydrogen atom abstraction at the
tertiary carbon atom of the isopropyl group.[31] For both micro-
gels, a dramatic change in size happens at T ≃ 32 °C. From the

literature it is known that the VPTT shifts to slightly larger T with
increasing the amount of BIS during the synthesis,[15,32] and this
is the case even when only 1 mol% BIS is added, as shown by the
triangles in the inset of Figure 1. The ratio between the radius in
the swollen state, at T = 20 °C, and in the collapsed state gives
us a first idea on the microgel’s softness; larger values of this ra-
tio, SD = Rh(20 °C)/Rh(40 °C), correspond to softer microgels.[3]

The values of SD are 3.01 ± 0.02 and 3.29 ± 0.03 for the 1 mol%
crosslinked and the ULC microgels, respectively. This shows that
the ULC microgels are slightly softer.

However, defining the softness of microgels solely based on
the swelling ratio can be misleading, since it ignores other parti-
cle’s characteristics that can affect the microgel compressibility.
Additional parameters, such as the degree of interpenetration,
the extent of deformation and faceting, and the deformability
upon adsorption must be taken into account to accurately quan-
tify the softness of an object.[3] For instance, microgel ability to
deswell due to external stimuli, such as temperature, is not nec-
essarily coupled to their behavior at increasing osmotic pressure.
Changes in the swelling state of the microgel in turn influence
their bulk modulus since the more a microgel is compressed, the
harder it becomes to compress it further.[27,33] Therefore, a more
complete quantification of the particle softness can be given by
measuring its bulk modulus, K = −v d𝜋

dv
, where 𝜋 is the osmotic

stress and v is the particle volume. Furthermore, a single value
of K is not sufficient to describe the particle softness since, in
contrast to hard particles, for compressible colloids the value of
K evolves with particle compression or with deswelling caused by
external stimuli, underlining the need of multiple parameters to
quantify softness.[27,28]

To probe the value and the evolution of K for the microgels
studied here, a high molecular weight (Mn = 265000 g mol–1)
partially deuterated polymer, polyethylene glycol (PEG), has been
synthesized. The deuterated PEG used here is the same used pre-
viously and has a degree of deuteration of 83% (d83%PEG).[27,28]

Given the high value of Mn the polymer cannot penetrate the par-
ticle and we have shown that its only effect, even at high concen-
tration, is to increase the osmotic pressure leading to an isotropic
deswelling.[27,28] When used for small-angle neutron scattering
(SANS), the scattering length density (SLD) of d83%PEG is the
same as the one of heavy water (D2O), i.e., the polymer is contrast
matched. This means that we can increase d83%PEG concentra-
tion, and consequently the osmotic stress experienced by the mi-
crogels, to unprecedentedly high values but the polymer does not
contribute to the measured coherent intensity, I(q). Therefore,
once the concentration of microgels in solution is low enough,
such that the structure factor of the particles is one, I(q) is pro-
portional to the particle form factor of the microgels P(q). The
analysis of these data allows us to experimentally probe the varia-
tion of the characteristic lengths of the microgels (e.g., total size,
extension of the fuzzy shell) at different 𝜋.

Figure 2a,b shows the form factors of the microgels synthe-
sized with 1 mol% cross-linker measured at 28 (left side triangles)
and 42°C (diamonds), respectively. The microgel concentration is
kept constant and in all samples, they occupy less than 8% of the
available volume. In contrast, the concentration of d83%PEG in-
creases from zero (bottom curve) up to 7.44± 0.01 wt%. The mass
concentrations in weight percent, c, are then converted into os-
motic stress, 𝜋, using an empiric relation measured for the used
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Figure 2. Small-angle neutron scattering intensities vs. scattering vector
for the 1 mol% cross-linked microgels at 28°C (a) and 42 °C (b). The ap-
plied osmotic stress increases from bottom (0 kPa) to top (≈160 kPa).
Solid lines are data fits with the fuzzy-sphere model.[34]

polymer[27]: 𝜋 = 217 Pa c + 451 Pa c3. The curves in Figure 2 are
measured between 𝜋 = 0 (bottom) and 𝜋 ≃ 160 kPa.

For both temperatures measured, the first oscillation in the
particles form factors moves to higher values of q with increas-
ing osmotic stress: for the triangles (28 °C) it goes from 2.6
× 10−2 nm−1 (bottom) to 4 × 10−2 nm−1 (top) while for the
diamonds (42 °C) it moves from 6.4 × 10−2 nm−1 to 7.1 ×
10−2 nm−1. This behavior corresponds to a change in the charac-
teristic lengths scales of the particles. To quantify these changes,
the data are fitted with a well established model for a fuzzy-
sphere[34] which has been proven to well reproduce the form fac-
tors of both cross-linked[34–37] and ultra-low cross-linked[38–40] be-
low and above the VPTT.

The solid lines in Figure 2 represent the fits using the fuzzy-
sphere model. The total radius of the microgel, R, the radius of
the more homogeneous core, Rc, the length of the fuzzy shell, 2𝜎,
the mesh size of the polymeric network, 𝜉, and the percentage
of size polydispersity, p, are the structural parameters obtained
from the fits. We note that in the middle q-range the accuracy
of some fit is not completely satisfactory (solid line and left-side
triangles). This can be due to the fact that in this region we merge

two different set of data measured at different sample-detector
distances and, consequently, q-resolution.

In Figure 1, the variation of the total radius of the particles, nor-
malized to the values determined when no pressure is applied,
are plotted as a function of the increasing osmotic stress. The tri-
angles and diamonds represent the evolution of the radius for the
1 mol% cross-linked microgels at 28 °C and 42 °C, respectively.
In the same figure, the squares and circles represent the values of
the radius of the ULC microgels at 28 °C and 42 °C, respectively.
These data are obtained from the fits of the form factors of ULC
microgels at different osmotic stress shown in Figure S1 (Sup-
porting Information). As can be seen, a clear decrease of the mi-
crogel size is observed for all microgels at all temperatures with
increasing 𝜋.

The values of the radii R in Figure 1 are then used to compute
the microgel volume at different compression v = 4

3
𝜋R3 and the

data are plotted in a 𝜋 vs v representation (Figure 3a). This par-
ticular choice is related to the fact that the point-to-point slopes
of the curves in Figure 3a are proportional to the microgel bulk
moduli. Therefore, for every couple of adjacent points, i and i + 1,
the bulk modulus is computed as Ki = −v 𝜋i+1−𝜋i

vi+1−vi
. It must be con-

sidered that the differences between volumes in the denominator
are of the order of 10−22 m3. Therefore, errors on the volumes of
the same order of magnitude will lead to considerable errors on
the value of Ki. Values of Ki with an error larger than 20% are ig-
nored.

Figure 3b shows the obtained values of K for the 1 mol% cross-
linked microgels at 28 °C (left side triangles) and 42 °C (dia-
monds), and for the ULC microgels at 28 °C (squares) and 42 °C
(circles). The degree of compression is given by the quantity 1 –
v/v0, where at the fixed temperature T, v and v0 are the microgel
volumes at a given compression and in the uncompressed state,
respectively. Zero compression corresponds to 1 – v/v0 = 0, while
higher values reflect a higher compression. In the same panel,
the values of the bulk moduli at 20 °C, i.e., in the swollen state,
as determined in our previous study[27] are reported as upright
triangles and stars for the 1 mol% and the ULC microgels, re-
spectively.

As can be seen in Figure 3b, the value of K increases with
increasing the particle compression for all the temperature. At
28 °C (left side triangles), the first value of K determined for the
1 mol% cross-linked microgels is 87 kPa that increases with com-
pressing the microgels up to 252 kPa for the highest osmotic
stress measured. At 42 °C (diamonds), initially K = 274 kPa and
increases to K = 416 kPa. Just below the volume phase transition,
at 28 °C, the bulk modulus of the ULC microgels is K = 19 kPa
(squares). At the highest 𝜋 applied, the measured values of K for
the ULC microgels is 246 kPa. When the ULC are collapsed at
42 °C, their initial bulk modulus is 223 kPa that increases with
compression up to 431 kPa.

Comparing the upright triangles with the diamonds (1 mol%
cross-linked) and the stars with the circles (ULC) at low com-
pression, the first result is that the stiffness of the microgels in-
creases by two orders of magnitude when they collapse above
the VPTT. The second observation is that, even when collapsed,
the microgels can be further compressed with increasing os-
motic pressure. This is consistent with the fact that a signifi-
cant amount of water is still present in the microgels even above
the VPTT.[34,35,39,41,42] It is also evident that with increasing the
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Figure 3. a) Osmotic stress 𝜋 vs. changes in volume for 1 mol% cross-
linked microgels at 28 °C (left-side triangles), and 42 °C (diamonds); and
for ULC microgels at 28 °C (squares), and 42 °C (circles). b) Variation of
the microgel bulk moduli K as a function of compression for 1 mol% cross-
linked microgels at 20 °C (up-side triangles), 28 °C (left-side triangles), and
42 °C (diamonds); and for ULC microgels at 20 °C (stars), 28 °C (squares),
and 42 °C (circles).

temperature the difference in softness between the ULC and
1 mol% cross-linked microgels decreases. At 20 °C, the values
of the bulk modulus of the ULC (stars) remains smaller than the
ones of the 1 mol% crosslinked microgels up to 1–v/v0 ≈ 0.75.
This difference is reduced at 28 °C and disappear for 1–v/v0 ≈

0.55 (squares and left-side triangle). Finally, well above the mi-
crogel VPTT, at 40 °C, both the ULC (circles) and the 1 mol%
cross-linked microgels (diamonds) have, within the experimen-
tal errors, the same bulk modulus.

3. Molecular Dynamics Simulation

Our molecular dynamics simulations are based on a standard
bead-spring model of neutral microgels with implicit solvent.[18]

In this model, three types of interactions are considered: i)
an excluded volume term between all beads using the Weeks–

Chandler–Anderson potential, ii) bonding interactions using a
FENE (Finite Extensible Nonlinear Elastic)-bond potential, and
iii) a smooth well attractive potential to model hydrophobic inter-
actions. For microgels in the swollen state, hydrophobic interac-
tions are neglected, i.e., we are under conditions of a good sol-
vent. When forming the network, the monomer beads have two
bonds while cross-linker beads have a connectivity of up to four.
The cross-link fraction can be controlled by the proportion of
cross-linker beads. For the cross-linker beads, we made a further
distinction between the regular microgels cross-linked with BIS
and the ULC microgels that form cross-links via the hydrogen
atom abstraction mechanism.[31] BIS forms cross-links by con-
necting two polymer chains along their backbones and, therefore,
a cross-link bead should have a total number of four monomer
neighbors. In ULC microgels, the bonds are always formed be-
tween the end of a polymer chain and a polymer backbone, which
is best modeled by cross-linker beads bonding to three monomer
beads. To accurately reflect the excluded volume and the microgel
size, a bead has a diameter of 2 nm and a single microgel consist
of ≈105 beads. Exemplary swelling curves and density distribu-
tions are shown in Figures S3 and S4 (Supporting Information).

To compute the microgel volume and the volume fluctuations,
we generate a mesh enclosing the polymer beads via the alpha
shape algorithm,[43] which has already been successfully applied
to microgels.[19] The alpha parameter is chosen to equal ten bead
diameters. This ensures the creation of a mesh without holes
and avoids overestimating the microgel volume due to single
stretched dangling chain ends (Figure S2, Supporting Informa-
tion). The bulk modulus is then simply calculated as ref. [30]:

K = kBT < V2 > − < V >2

V
(1)

where V is the microgel volume in the simulations. All data
points are averaged from simulation results of four different mi-
crogels with the same cross-linker fraction.

Figure 4a shows the bulk moduli computed for swollen mi-
crogels with trifunctional cross-links (squares) or tetrafunctional
cross-links (triangles) across a range of low cross-linking frac-
tions. In both cases, the bulk modulus increases linearly with the
cross-linker fraction in the investigated range. This increase de-
pends on the connectivity of the cross-linker, with the slope of
the networks with tetrafunctional cross-link beads being roughly
double the slope of those with trifunctional cross-links. At low
cross-linker fractions approaching 0%, both connectivities ex-
hibit similar values of the bulk modulus. These data reflect the
microgel softness in the swollen state. The estimated value of the
bulk modulus of simulated microgels is 1.0 kPa for the swollen
microgel containing 1 % BIS. This value is consistent with what
is determined experimentally for microgels with 1 mol% cross-
linker in their swollen state (2.5 kPa).[27]

The direct comparison with ULC microgels is more challeng-
ing since the exact number of cross-links formed during synthe-
sis is not known in advance and can be determined only approx-
imately. An estimation based on the microgel swelling ratio[44]

quantifies this concentration between 0.3% and 1.0%. The value
of the bulk modulus in the swollen state for the very same ULC
microgels used here has been determined in the literature and
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Figure 4. a) Bulk moduli of swollen microgel networks generated with dif-
ferent types of cross-linker beads in a regime of low cross-linking. Triangles
correspond to cross-linker beads with a coordination number of four mod-
eling the BIS cross-linker, while the squares indicate cross-linker beads
with the connectivity of three that is associated with ULC microgels. b)
Bulk moduli of the same microgel networks in their collapsed state for
tetrafunctional cross-links (diamonds), and trifunctional cross-links (cir-
cles).

equals ≃ 1 kPa in the swollen state.[27] Also this value is consistent
with what we obtain from the simulations: KULC = 0.3 − 0.5 kPa.

Figure 4b shows the bulk moduli for the same microgels, in
a collapsed state due to bad solvent conditions. Collapsing the
microgel leads to an increase of the bulk modulus of about two
orders of magnitude to 220–230 kPa, which is consistent with the
experimental results shown by Figure 3b. When comparing the
connectivity of the cross-linker bead, no trend for the bulk modu-
lus is apparent. Similarly, the increase of cross-link concentration
has little effect on the increase in the bulk modulus value in con-
trast to what is observed in the swollen state.

This second observation is not limited to the case of low cross-
link fraction. Figure 5 shows the values of the bulk modulus of
microgels for increasing cross-linker concentrations, ccl, normal-
ized to the bulk modulus at ccl = 1% for the swollen (triangles)
and the collapsed state (diamonds), respectively. While the in-
crease in the amount of cross-linker for microgels in the swollen
state results in an increase of the value of the bulk modulus of an
order of magnitude, the changes of the K in the collapsed state
are relatively modest, with a increase of ≈1.5 from 0.3% to 10%
cross-linker. The network structure of the microgel is only of sec-
ondary relevance in bad solvent, since the dominant interaction
is the repulsion between solvent and polymer. In the collapsed
state, polymer chains between cross-linkers are not stretched and
do not contribute to the particle compressibility. This observation
is reinforced by the fact that microgels with significantly differ-
ent cross-link fractions exhibit similar densities in their collapsed
state, as shown in Figure S4b (Supporting Information). A simi-
lar trend is observed in the experimental data, where the values of

Figure 5. Relative bulk moduli of microgel networks in dependence on
cross-link fraction in the swollen (green triangles) and collapsed state (or-
ange diamonds).

the bulk modulus of the 1 mol% cross-linked and the ULC micro-
gels is virtually identical above the VPTT, circles and diamonds
in Figure 3b.

4. Conclusion

Small-angle neutron scattering with contrast variation and
molecular dynamics simulation are used here to measure the
bulk moduli of microgels in the size range of hundreds of
nanometers in both the swollen and the collapsed states. Exper-
imentally, the use of neutrons is fundamental since it allows us
to contrast match the partially deuterated PEG used to apply the
osmotic pressure and reach unprecedentedly high values of 𝜋. In
this way, in contrast to previous experiments based on dynamic
light scattering,[45] we can determine both the initial values of the
microgels bulk moduli and, most importantly, the evolution of K
with microgel compression in proximity and above the VPTT.

Furthermore, our experimental results are mirrored by the
results obtained using computer simulations. This means that
the model microgels are not only structurally equivalent to the
real system, e.g., they produce the same scattering profiles,[17]

but have the same softness. This second aspect is fundamen-
tal for the use of this microgel model at high concentrations to
better understand the properties of dense suspensions of soft
colloids. The combination of both the theoretical and experimen-
tal methods can be used to systematically investigate the com-
pressibility of microgels synthesized with different architectures,
such as hollow[46] or anisotropic microgels[47] and to probe the
changes of their size distribution at high concentrations.[48] Fur-
thermore, the precise quantification of the values of K for differ-
ent solvent conditions, induced by temperature, is fundamental
to further develop microgels for advanced applications that rely
on switching their size. For instance, when used as nanocarriers
for drug delivering, the microgel softness affects their uptake into
cells.[49,50] Therefore, realistic computer simulations of microgels
that will help us to quantify the microgel softness and rationally
design and plan their formulation for pharmaceutical application
are pivotal.
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