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ABSTRACT: Polymer-network gels often exhibit local defects
and spatial heterogeneity of their cross-linking density, which may
differently affect their elasticity on microscopic and macroscopic
scales. To appraise this effect, we prepare polymeric gels with
defined extents of nanostructural heterogeneity and use atomic
force microscopy to probe their local microscopic Young’s moduli
in comparison to their macroscopic elastic moduli measured by
shear rheology. In this comparison, the moduli of the
heterogeneous gels are found to be progressively smaller if the
length scale of the probed gel region exceeds the size of the
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purposely imparted polymer-network heterogeneities. This finding can be explained with a conceptual picture of nonaffine
deformation of the densely cross-linked polymer network domains in the heterogeneous gels.

Polymer gels consist of three-dimensional assemblies of
cross-linked polymer chains swollen in a solvent."” If they
are formed by uncontrolled polymerization, these gels exhibit
an inhomogeneous spacing of their network cross-linking
junctions in the form of densely cross-linked local domains
randomly distributed within a loosely cross-linked back-
ground.>® As a result, such heterogeneous polymer gels
display pronounced concentration fluctuations on length scales
of several ten nanometers’ that have been investigated by light,
X-ray, neutron scatterin%,g_11 NMR spectroscopy,lz’ ? and
microscopy techniques.'*™ It has been shown that the elastic
modulus of a gel, as probed by rheology, decreases with
increasing degree of inhomogeneity in the gel, as probed by
light scattering,s’lé’17 such that the elastic moduli of
heterogeneous gels synthesized by free radical copolymerization
of mono- and bifunctional monomers®'*'® are lower than the
moduli of more homogeneous gels prepared by either
controlled polymerization or by postpolymerization cross-
linking of linear precursor chains.'*~*' Nevertheless, the elastic
moduli of both of these types of gels are generally lower than
what would be expected from their content of cross-linker on
the basis of the statistical theory of rubber elasticity.”>** These
observations have been explained by two different arguments.
One argument is the formation of elastically ineffective network
defects such as loops and dangling chains during the gel-
network polymerization.”* The other argument is the possible
presence of very short network strands with a length close to
the persistence length of the polymer, which are too rigid to
deform and store elastic energy. In densely cross-linked
domains that contain multiple of such short chains, several
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cross-links therefore just act as one single cross-linking
supernode of high functionality but limited ability for elastic-
energy storage.”>*° In an extension of this conceptual picture, it
was suggested that heterogeneous gels deform in a nonaffine
fashion.””~?° One hypothesis is that stiff, densely cross-linked
gel domains deform less than the surrounding soft, loosely
cross-linked background and, therefore, just partially contribute
to elastic-energy storage.B'0

To challenge the hypothesis of nonaffine deformation and to
clarify whether and to which extent each of the above aspects is
responsible for the low elastic moduli of heterogeneous
polymer gels, we probe poly(N-isopropylacrylamide) (pNI-
PAm) gels with well-defined extents of polymer-cross-linking
heterogeneity. We prepare these gels by controlled cross-
linking of prepolymerized linear chains containing a determined
low amount of photo-cross-linkable moieties, mixed in different
ratios with prepolymerized linear chains containing a high
amount of photo-cross-linkable moieties. With this approach,
we obtain heterogeneous polymer gels whose distribution of
network-strand lengths is predetermined by the spacing
between the cross-linkable moieties in the precursor chains.
To discern between the effects of topological network defects
and nonaffine deformation on the gel elasticity, we probe these
gels on different experimental length scales. For this purpose,
we use atomic force microscopy to measure the local
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Figure 1. Concept of this work: we use atomic force microscopy (AFM) to measure the local Young’s moduli of polymer gels with determined
inhomogeneous polymer-network cross-linking density on a length scale of £ ~ 10—20 nm, probing them with a spatial resolution that is either of
the order of the size of this inhomogeneity (I ~ 100 nm ~ S&) or larger (I ~ 2 um ~ 100&) (left). We also measure the global macroscopic moduli of
the same gels by oscillatory shear rheology on an experimental length scale of several mm (I > 10°¢) (right). Comparison of these micro- and
macroscopic moduli serves to discern the contributions of topological connectivity defects and potentially nonaffine deformation of nanoscopic local

dense regions in the gel polymer networks.

microscopic Young’s moduli of gel regions on a length scale
close to that of the nanostructural inhomogeneities within the
gels (£ ~ 10—20 nm), as shown in Figure 1 (left). These
experiments mostly probe the effect of topological network
defects on the elasticity of the different gel regions. In addition,
we compare these local microscopic moduli with the global
macroscopic shear moduli of the same polymer gels measured
by shear rheology in the linear viscoelastic regime at a strain of
¥ = 1%."” These macroscopic moduli are measured on mm-
sized gel samples that are much larger than the length scale of
their internal structural inhomogeneities, as shown in Figure 1
(right). These experiments therefore probe both the effect of
topological network defects and that of a potentially nonaffine
deformation of densely cross-linked local domains.

We prepare heterogeneous gels by photo-cross-linking minor
fractions (8 or 27 wt %) of linear pNIPAm chains containing a
high amount (3.15 mol % of the monomer repeat units) of
photo-cross-linkable dimethylmaleimide (DMMI) moieties,
mixed in solution with major fractions (92 or 73 wt %) of
linear pNIPAm chains containing a low amount (0.7 mol % of
the monomer repeat units) of DMMI moieties. In addition, we
prepare better homogeneous gels that contain the same average
amount of photo-cross-linkable moieties as the heterogeneous
gels, but this time obtained by photo-cross-linking of
statistically all-identical linear chains, all functionalized with
either 0.9 mol % (sample Homo-0.9) or 1.35 mol % (sample
Homo-1.3) of DMMI moieties. Upon UV irradiation of the
polymer solutions in the presence of a photosensitizer, sodium
thioxanthone-2,7-disulfonate, the DMMI moieties dimerize,
leading to polymer-network formation and to gelation of the
polymer solutions.'”*" In the samples Hormo-0.9 and Homo-1.3,
the photo-cross-linkable moieties are randomly distributed
among statistically all-identical polymer chains; by contrast, in
the heterogeneous gels that contain the same overall amounts
of DMMI, Hetero-0.9 and Hetero-1.3, the photo-cross-linkable
moieties are purposely inhomogeneously distributed between
the different fractions of precursor polymer chains. This creates
gels with spatially varying cross-linking densities on length
scales of £ ~ 10—20 nm, as determined by the radii of the
differently prefunctionalized precursor chains and as confirmed
by static light scattering.'”

The Young’s moduli of these polymer gels are determined by
force measurements with an MFP3D-Bio AFM (Asylums

699

Research) at three different areas on each polymer gel, each
probed by recording a force map with 90 X 90 ym?” area after
the gels are swollen in water. Each force map consists of 100
force curves, giving 300 force curves in total for each polymer
gel. To determine the Young’s moduli of the polymer gels on
two different length scales, we probe them using either a tip
with radius R = 30 nm and an indentation depth of [ ~ 100 nm
or a spherical probe with radius R = 3.35 ym and an
indentation depth of ~300 nm. For the measurements with the
tip, the experimental length scale is | ~ 100 nm, whereas for the
measurements with the sphere, the experimental length scale is
I ~2 um.

The average Young’s moduli of the homogeneous and
heterogeneous polymer gels measured by AFM on a length
scale of [ ~ 100 nm are Eyypo09aem = (6.2 & 1.0) kPa for the
homogeneous gel containing 0.9 mol % of DMMI, Ejpy.ier0.09,4rm
= (42 = 12) kPa for the corresponding heterogeneous gel,
Eomo-13aem = (154 £ 1.7) kPa for the homogeneous gel
containing 1.35 mol % of DMMI, and Eyero13a8m = (11.8 %
2.2) kPa for the corresponding heterogeneous gel, as shown in
Figure 2A and listed in Table 1. As expected, the mean Young’s
moduli of the heterogeneous polymer gels are lower than those
of the corresponding homogeneous gels. In addition, the
distribution of the moduli measured on a length scale of [ ~ 100
nm is wider for the heterogeneous gels than for the
homogeneous gels, and their relative standard deviation, RSD,
is about two times larger for the heterogeneous gels (RSD =
19—28%) than for the homogeneous gels (RSD = 11—16%) as
is also shown in Figure 2; this indicates the presence of larger
fluctuations of the polymer segmental concentration and of the
cross-linking density. By contrast, the distributions of the
Young’s moduli measured by AFM on an experimental length
scale of | ~ 2 um are less broad, and their relative standard
deviations are approximately the same for all homogeneous and
heterogeneous gel samples investigated (RSD = 3.5-3.9%), as
shown in Figure 2B and listed in Table 1. This can be explained
by considering that the experimental length scale of these
measurements, [ ~ 2 um, is ~100X larger than the length scale
of the gel cross-linking inhomogeneities, £ ~ 10—20 nm and,
therefore, the measured Young’s moduli average over many
different local structural domains.

We also measure the Young’s moduli of two homogeneous
gels obtained by photo-cross-linking the polymer chains used to
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Figure 2. Distributions of Young’s moduli of the two homogeneous
gels (blue) and of the two corresponding heterogeneous gels (red)
investigated in this work, measured on 300 different local gel regions
on an experimental length scale of [ ~ 100 nm (A) and | ~ 2 ym (B).
The two distributions on the left refer to the gels Homo-0.9 and
Hetero-0.9, whereas the two moduli distributions on the right refer to
the gels Homo-1.3 and Hetero-1.3.

Table 1. Young’s Moduli, E, and Crosslinking Efficiency,
V4/V, of Homo- and Heterogeneous pNIPAm Hydrogel
Samples Measured by AFM and Rheology on Different
Experimental Length Scales, I*

Eupm (kPa); Eupn (kPa); Eppeo (kPa);

sample I ~ 100 nm I'~2pum I'>1mm
Homo-0.9 62 + 1.0 73 +03 6.6
Hetero- 42 + 1.2 41 + 0.2 4.4

0.9
Homo-1.3 154 + 1.7 14.6 + 0.5 13.3
Hetero- 11.8 +22 9.6 + 0.3 5.7

1.3

(Ve V) apm (9%); (Veg/V) arnm (%); (Vet/Vrnea (%);

sample I ~ 100 nm I ~2pm I>1mm
Homo- 27+ S 31+ 13 26

0.9
Hetero- 25+ 7 23 + 0.9 17

0.9
Homo- 40 + 4 38 + 0.8 35

1.3
Hetero- 38+ 6 31+ 1.1 15

1.3

“Eapm: Young’s modulus measured by rheology on a length scale of I ~
100 nm or [ ~ 2 pum; Egp.,: Young’s modulus inferred from the shear
elastic modulus measured by rheology on a length scale of several
millimeters (I > 1 mm); (Veg/V)spy: cross-linking efficiency calculated
from the Young’s modulus measured by AFM and corrected by
consideration of different extents of gel swelling; (Ve/V)ppeo: cross-
linking efliciency calculated from the Young’s modulus inferred from
the shear elastic modulus measured by rheology on the gels at their
preparation state without additional swelling.

form the heterogeneous samples above, but this time without
mixing them. These homogeneous gels contain either 0.7 or
3.15 mol % of DMMI moieties randomly distributed between
the polymer chains, and their average microscopic Young’s
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moduli measured on a length scale of | ~ 100 nm are
EHomo-0.7,AFM = (36 * 09) kPa and EHomo-S.IS,AFM = (509 s 43)
kPa. Furthermore, we infer the macroscopic Young’s moduli of
the gels from their shear moduli, G’, measured by shear
rheology in the gel-preparation state,'” as g, =2 G'(1 + 4p),32
where p ~ 0.33 is the Poisson ratio of pNIPAm gels.**** We
find that, for all our homogeneous gels, the average microscopic
Young’s moduli measured by AFM, E,g, and the global
macroscopic Young’s moduli derived from rheology, Egy,,, are
approximately equal, as shown in Figure 3A and listed in Table
1. By contrast, for the heterogeneous gel containing the largest
amount of densely cross-linked chains, Hetero-1.3, the average
microscopic Young’s modulus, Egerero.1.34r0 is about 2X larger
than the macroscopic Young’s modulus, Eyetero.1.3Rheor 28 also
shown in Figure 3A and listed in Table 1.

To explain these results, we consider the efficiency of cross-
linking defined as v.g/v, where v is the ideally achievable
concentration of network strands calculated from the
concentration of DMMI moieties in the gels as v = cpypp
whereas 1. is the actual concentration of elastically active
chains, inferred from the shear elastic moduli of the gels, G’ =
(veg /2)KT, according to the statistical theory of rubber
elasticity for a phantom network with tetrafunctional cross-
links.”>*® In this estimation, G’ is either directly measured by
shear rheology or calculated from the Young’s modulus
measured by AFM as G’ = Enpy/(2(1 + p)). For a defect-
free ideal network where every two DMMI moieties are
converted to a cross-link and all network strands thus formed
contribute equally to elasticity, vg/v = 100%, whereas this
value decreases if the fraction of elastically ineffective network
strands increases. From the AFM measurements, it results that
the cross-linking efficiency of the homogeneous gels inves-
tigated in this work is 20—60% and that it increases with
increasing content of DMMI moieties in the precursor
polymers, as shown in Figure 3B. This result indicates that
the polymer gels of this work differ strongly from gels obtained
by free radical copolymerization of monomers, whose cross-
linking efficiency usually decreases with increasing concen-
tration of cross-linker.'®'® This is because, in gels synthesized
from monomers, high concentrations of cross-linkers lead to
formation of very short network strands and cross-linking
supernodes. By contrast, in the gels of this work, the length of
the network strands is predetermined by the spacing between
the DMMI moieties in the precursor chains, which is at least 3X
larger than the persistence length of pNIPAm.*> Thus, the
cross-linking efficiency increases with the probability that each
DMMI moiety finds another one in its proximity during the
photogelation, thereby increasing with the fraction of DMMI
moieties in the precursor polymer chains. This observation also
indicates that the formation of elastically inactive loops, whose
probability also increases with increasing fraction of DMMI
moieties, does not significantly affect the elasticity of the gels
obtained. This is because the precursor polymer chains are
cross-linked in solutions at a concentration at which the chains
strongly overlap, and therefore, the probability of intermo-
lecular cross-linking is higher than that of intramolecular cross-
linking. By contrast, if loops had a relevant impact on the
elasticity of gels obtained by cross-linking linear chains, the
cross-linking efficiency would be lower at a higher concen-
tration of cross-linkable moieties.

We can also appraise the amount of dangling chains in our
gels by knowledge of the molecular weight of the precursor
chains from which they were synthesized, determined by size
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Figure 3. Young’s moduli (A) and cross-linking efficiencies
(concentration of elastically effective network chains, v relative to
the theoretically possible concentration of network strands, ; B, C) of
different types of polymer gels as a function of the content of cross-
linker. (B) Cross-linking efficiency estimated without accounting for
the gel swelling; by contrast, in (C), the cross-linking efficiency is
recalculated after estimation of the extent of swelling of the gels. Blue
symbols are used to denote the homogeneous pNIPAm gels
investigated in this work, whereas red symbols refer to the
heterogeneous pNIPAm gels of this work. In addition, green symbols
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Figure 3. continued

represent data measured on PVP gels in ref 36, and black symbols refer
to data recorded on pAAm gels from ref 37. Diamonds denote the
average local microscopic moduli measured by AFM on experimental
length scales of | ~ 100—300 nmj; the error bars represent the standard
deviation of the distribution of these Young’s moduli, which is much
larger than the experimental uncertainty. Triangles refer to the average
local microscopic moduli measured by AFM on an experimental length
scale of I ~ 2 um. Circles denote the global macroscopic Young’s
moduli inferred from either shear rheology or compression measure-
ments on a length scale of several millimeters, I > 1 mm.

exclusion chromatography,'” and by knowledge of their content
of DMMI, determined by UV—vis absorption photometry.'” As
the precursor chains do not carry DMMI groups right on their
chain termini, each precursor polymer chain will intrinsically
create two dangling chain ends in the cross-linked polymer
network. The amount of these intrinsic dangling chains relative
to the total amount of network strands of the polymer network
isD = ndangling chains/ntotal chains — 2'/(nDMMI + 1)! where NpMMmI is
the average number of DMMI moieties in the precursor
polymer chains. We find that D & 7% for the sample Homo-0.9,
D = 9% for the sample Hetero-0.9, D ~ 4% for the sample
Homo-2, and D ~ 8% for the corresponding heterogeneous gel.
This indicates that the loss in elastically active chains due to
dangling chains is <10% for all samples investigated.

The cross-linking efficiency of the heterogeneous gels is
markedly lower than that of the corresponding homogeneous
gels, as shown in Figure 3B; this cannot be explained solely by
the slightly larger (£2—4%) amounts of dangling chains in
them. In addition, the cross-linking efficiency calculated from
the macroscopic elastic moduli measured by rheology, (v.q/
V)rheor decreases with increasing the concentration of cross-
linkable DMMI groups and thus the extent of heterogeneity of
the gel, as shown in Figure 3B and listed in Table 1. By
contrast, the cross-linking efficiency calculated from the average
Young’s moduli measured by AFM on the heterogeneous gels,
(Vog/V) apapy increases with the concentration of cross-linkable
DMMI groups, as also shown in Figure 3B.

An additional factor to be considered in our analysis is the
volume fraction of the gels. This volume fraction is ¢, = 0.09 in
the gel preparation state and during the macroscopic rheology
measurements. By contrast, the AFM measurements are carried
out after the gels are further swollen in water, the extent of
which depends on their effective cross-linking densities at
preparation. We estimate the volume fraction of the gels after
swelling, ¢, by use of the Flory—Rehner theory,”**™* as
detailed in the Supporting Information. We find that upon
swelling, the volume fraction of the sample Homo-0.9 decreases
from ¢y = 0.090 to Pyymo.09 = 0.082, whereas @y per0.09 = 0.068
for the corresponding heterogeneous gel Hetero-0.9, and
Prietero-13 ~ 0.077 for the sample Hetero-1.3. In addition, we
estimate that the gel with the highest effective cross-linking
density, Hetero-1.3, does not swell after addition of water. With
these estimations, we recalculate /v from the Young’s
moduli measured by AFM on the swollen gels, considering that
the volume fraction of the heterogeneous gels is lower than that
of the corresponding homogeneous gels, because of their more
pronounced swelling. We find that these recalculated cross-
linking efficiencies are only slightly lower for the heterogeneous
gels than for the homogeneous gels, as shown in Figure 3C and
listed in Table 1. This finding means that the observation that
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the Young’s moduli of the heterogeneous gels measured by
AFM are smaller than those of the heterogeneous gels is mostly
due to their more pronounced swelling. As a result, if the ideally
achievable density of elastic chains in the gels is estimated by
considering the different extent of swelling of the gels, the
cross-linking efficiency measured by AFM is similar for both
homogeneous and heterogeneous samples.

In addition, the fact that the cross-linking efliciency
calculated from the average microscopic moduli measured by
AFM is much larger than the cross-linking efficiency calculated
from the macroscopic moduli measured by rheology, both of
them listed in Table 1, supports the hypothesis of nonaffine
deformation of the different network domains.*® The
heterogeneous samples contain a significant amount of densely
cross-linked network domains; if these gels are probed on a
length scale similar to that of these domains (¢ ~ 10—20 nm),
the cross-linking efficiency calculated from the Young’s moduli
averaged from different gel regions should be equal to the
cross-linking efficiency of a homogeneous gel with the same
average cross-linking density; but if the same gels are probed on
a slightly larger length scale (I ~ 100 nm, corresponding to
~S¢), as in our AFM measurements, the obtained average
microscopic elastic moduli are slightly smaller than that of
corresponding homogeneous gels. In notable contrast, if the
gels are probed on a larger length scale (I ~ 2 um,
corresponding to ~100£), or even on a macroscopic length
scale (I > 1 mm, corresponding to more than 10°¢), as in our
rheology experiments, the measured cross-linking efficiency is
much lower, because the densely cross-linked regions are
embedded in a soft, loosely cross-linked background and
remain mostly undeformed and, therefore, contribute only to a
limited extent to elastic energy storage. In addition, the width of
the distributions of the measured Young’s moduli decreases as
the experimental length scale departs from the size of the gel
nanostructural inhomogeneities and as the experiments average
over gel regions larger than the densely cross-linked network
domains. This effect is more pronounced for the sample Hetero-
1.3 than for the sample Hetero-0.9, because the gel Hetero-1.3
contains a larger amount of highly DMMI-functionalized
polymer chains (27 wt % compared to 8 wt %).

Finally, we compare our analyses to experimental data
collected in other studies, where the Young’s moduli of cross-
linked poly(vinylpiridine) (PVP)* and poly(acrylamide)
(PAAm)*’ gels were measured both on a microscopic scale
by AFM and on a macroscopic scale by either shear rheology or
by compression measurements. These gels were prepared by
free-radically initiated polymerization of monomers and cross-
linkers at different concentrations. For the gel samples prepared
at low concentrations of cross-linker, therefore, exhibiting a
more homogeneous nanostructure, the measured Young’s
moduli are not dependent on the microscopic or macroscopic
length scale of observation, as shown in Figure 3A.***” By
contrast, if the concentration of cross-linker during the gel
synthesis is higher than a certain threshold, the gels are
heterogeneous, and their Young’s moduli measured by AFM on
a length scale of ~250 nm are much larger than the moduli
measured by compression of the gel on a length scale of several
mm,*® as also shown in Figure 3A.

The experiments of this work do not allow us to completely
disentangle the effects of topological defects and nonaffine
deformation on the elasticity of heterogeneous gels, because the
length scale of observation is always larger than the length scale
of structural inhomogeneity. However, when we probe our gels
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by AFM on a length scale of ~100 nm, we investigate the effect
of topological defects on the gel elasticity, while the effect of
nonaffine deformation of the different network domains is
small, because the elasticity is averaged over only ~5 network
domains with sizes determined by the precursor polymer radii
and estimated by static light scattering.'” By contrast, when we
increase the length scale of observation, as we do in rheology
measurements, the effect of topological defects on the gel
elasticity should be the same as in the AFM measurements, but
the effect of nonaffine deformation is much larger, as we
simultaneously probe ~10° different network domains.

This work clarifies and quantifies the different contributions
of nanostructural complexity to the low elastic moduli of
heterogeneous gels. It shows that the elasticity of gels with
heterogeneous nanostructure depends on both the type and on
the size of network heterogeneities compared to the length
scale of the gel region probed. The effect of heterogeneity on
the elastic moduli of gels is quantified by the cross-linking
efficiency, which is 100% for ideally homogeneous gels and
decreases with increasing heterogeneity. In gels prepared by
cross-linking of linear prepolymerized chains, the cross-linking
efficiency increases with the concentration of cross-linkable
moieties in the precursor chains, in contrast to what has been
observed for gels prepared by uncontrolled cross-linking
copolymerization of monomers.'®'® In addition, in gels made
by cross-linking of linear precursor chains, the effect of loops on
the elasticity is not significant if the gel formation occurs at a
precursor-polymer concentration well above the overlap
threshold; also, the effect of dangling chains can be directly
quantified by knowledge of the amount of cross-linker in the
linear precursor polymer chains. If in these gels the cross-
linking density is homogeneously distributed, the elastic
modulus is independent of the length scale of observation. If,
in contrast, the cross-linking density exhibits strong spatial
fluctuations, the measured elastic modulus decreases when the
experimental length scale becomes larger than the length scale
of these inhomogeneities. This is because the different
nanoscopic gel regions deform in a nonaffine fashion, with
the densely cross-linked domains embedded within an easily
deformable, less cross-linked background that mostly contrib-
utes to the gel elasticity. In addition, the elastic moduli of
swollen heterogeneous gels are lower than those of
corresponding swollen homogeneous gels, because the swelling
is more pronounced for the heterogeneous gels. These findings
suggest that when polymeric gels are used in applications such
as those as superabsorbent materials*' or to mimic biological
soft tissues,** it should be considered that their mechanical
properties vary with the size of commonly present polymer-
network inhomogeneities compared to the length scale on
which these properties are relevant for a given application.
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