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Abstract: The structure and mechanical properties of model polymer networks consisting of
alternating tetra-functional poly(ethylene glycol)s (PEGs) and bis-functional linear PEGs were
investigated by dynamic light scattering and rheological measurements. The sizes of the correlation
blob (¢.) and the elastic blob (¢,;) were obtained from these measurements and compared to the
theoretical mesh size, the geometric blob ({¢), calculated by using the tree-like approximation.
By fixing the concentration of tetra-PEGs and tuning the molecular weight of linear-PEGs, we
systematically compared these blob sizes in two cases: complete network (Case A) and incomplete
network (Case B). The correlation blob, ¢., obtained by dynamic light scattering (DLS) was found
to obey the well-known concentration dependence for polymer solutions in semidilute regime
(& ~ ¢~3/%) irrespective of the Cases. On the other hand, the G’ was strongly dependent on the
Cases: For Case A, G’ was weakly dependent on the molecular weight of linear-PEGs (G’ ~ M%)
while G’ for Case B was a strong increasing function of M. (G’ ~ M,!?). However, both of them
are different from the geometric blob (theoretical mesh) of the gel networks. In addition, interesting
relationships between G’ and ¢&., G’ ~ &, G’ ~ Sc 2 were obtained for Cases A and B, respectively.

Keywords: mesh; correlation blob; elastic blob; scaling; model network; tetra-PEG gel

1. Introduction

The mesh size is an ambiguous characteristic length in polymer gels. The most intuitive mesh
size in a gel for most readers is probably the distance between crosslinkers. Unfortunately, currently, it
can only be estimated by theoretical calculation (e.g., tree-like approximation, real space renormalized
effective medium approximation) [1,2]. Experimentally, many different sizes have been used as mesh
size, including correlation blob (¢.) by scattering experiments [3,4], elastic blob (¢,;) by rheological
measurements [3,5], and mesh-like structure observed in scanning transmittance electron microscopes
(STEM) [6,7].

The images obtained by STEM are probably not the mesh-in, as-prepared gels, especially for
those flexible polymer gels (e.g., polyacrylamide gels) because individual polymer chains are too
small to be observed, and they usually aggregate with each other to form huge bundles. Instead of
direct observation of mesh, the blob concept, introduced by de Gennes, is often used as a measure
of mesh-in polymer gels [3]. The de Gennes blob is the “correlation blob” characterized by the
correlation length of polymer chains in a crowded system. However, it is misleadingly used to represent
the mesh size of polymer networks and gels. A counterexample is a volume-phase transition of
poly(N-isopropylacryamide) hydrogels [8,9]. By approaching the volume phase transition temperature
(=32 °C), the correlation length diverges while the mesh size diminishes [10,11]. Other than the
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correlation blob, the elastic blob or tension blob [12] proposed by Pincus is also used as the measure of
gel mesh. However, because the general polymer gels are highly heterogeneous, and in general, these
inhomogeneities have negative effects on the properties of the gels, such as mechanical properties
(fragility and brittleness) [13,14], the comparison between mesh and elastic blob is difficult [7].

In previous studies, Sakai and our groups have reported successful fabrications of nearly-ideal
polymer gels overcoming the heterogeneity problems [15,16]. The gels are called tetra-PEG gels, which
are formed by cross-end-coupling of two types of tetra-arm poly(ethylene glycol) (tetra-PEG) having
complementary end functional groups. Figure 1 shows the schematic illustration of tetra-PEG gels.
Tetra-PEG-A (red) and -B (blue) macromers are crosslinked alternatively, forming a three-dimensional
infinite polymer network. The elastic modulus of tetra-PEGs is well-described by the phantom
network model for ¢ = ¢*, but it is gradually changed to be represented by the affine network model
by increasing ¢ (> ¢*) [17]. The network structure is described by the Ornstein-Zernike function,
I(q) = 1(0)/(1+ ¢24?), irrespective of ¢ as far as the polymer concentration is in the semidilute
concentration regime [18]. This means that the structures of tetra-PEG gels are the same as that of
polymer solutions in semidilute regime. Here, I(g) is the scattering intensity, and ¢, is the correlation
length (the size of correlation blob). The details of tetra-PEG gels have been described elsewhere [19-28].
The above-mentioned polymer networks are symmetric polymer networks consisting of tetra-PEGs
with equi-molecular weights and equi-functionality. It has been believed that the equi-molecular
weight and equi-functionality are the necessary conditions for preparation of “ideal” polymer networks

without defects [29,30].

Qo

Figure 1. Schematic illustration of polymer networks prepared by mutual reactive tetra-functional
poly(ethylene glycol)s (PEG) macromonomers (4 x 4 gels). Blue and red polymer refer to the
tetra-functional PEG macromonomers with different end-groups.

In this work, we have two motivations: (i) The first is a fabrication of “ideal” polymer
networks without the above-mentioned constraints. We prepared polymer gels with a combination
of tetra-functional PEGs (tetra-PEG) and bis-functional linear PEGs (linear-PEG); hereafter, we call
them 2 x 4 gels (Figure 2). We compare their dynamical structure and elastic modulus with those of
conventional 4 x 4 gels (Figure 1) and demonstrate the 2 x 4 gels is an alternative method to develop
near-ideal network; (ii) The second is elucidation of the physical meaning of “mesh size” in polymer
gels by taking advantage of the highly tunable network structure of the 2 x 4. In the case of 4 x 4 gels,
the crosslinker density changes with the total polymer volume fraction because the gels are synthesized
by only tetra-PEG units. In the case of the 2 X 4 gels, on the other hand, we can independently and
systematically tune the molecular weight (linear-PEGs) between the crosslinkers (tetra-PEGs) while
maintaining the crosslinker density. The geometric blob, the correlation blob, and the elastic blob are
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estimated from theoretical calculation, dynamic light scattering (DLS) and rheological measurements,
respectively, and their physical meaning are discussed in detail.

Case A Case B
tetra-PEG 20K tetra-PEG 20K
U,(=3 mM)>U* U,(=1.5mM)<U*

T
4

e Ut

linear-PEG 0.2K

linear-PEG 20K

T A

Figure 2. Schematic illustration of 2 x 4 gels formed by mixing mutual reactive tetra-functional PEG
and linear-PEG polymers. (Case A) Complete network. The molar concentration of tetra-PEG (Uy) in
the initial solution is set to be 3.0 mM, higher than its overlapping concentration (U;" = 2.1 mM for
tetra-PEG with molecular weight 20 k) [17]. Linear-PEG with different molecular weights were used
as a spacer chain to connect tetra-PEGs. These 2 x 4 gels have the constant crosslinker density but
different molecular weights between the crosslinkers. (Case B) Incomplete network. Uy of tetra-PEG
in the initial solution is set to be 1.5 mM, lower than its overlapping concentration (U" = 2.1 mM).
Polymer gels with many defects are expected to be formed for short linear-PEGs and complete network
to be formed for long linear-PEGs.

2. Theoretical

2.1. Geometric Blob

The most intuitive characteristic size in a gel is probably the average distance between the
crosslinkers or branch points. We call this size a geometric blob ({;). The number density of the
geometric blob (p¢) in a gel can be estimated using the tree-like theory [1] or the real space renormalized
effective medium approximation (REMA) [31]. Both theories produce a similar result when the gel
network is well-developed. According to the tree-like approximation, the number density of crosslinker
(#) (=number density of geometric blob) in a 2 x 4 gels is given as (See Supplementary Materials) [1]

3 1 3\ 1 3\Y2 4
e = Rl {2— (=-3) }{3(p2‘4) —2} W

where N4 is Avogadro constant, Uy is the molar concentration of the tetra-PEG units and p is the
reaction conversion. By assuming a cubic lattice for simplicity, the size of geometric blob is given as:

Eg=pg '3 2)
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2.2. Elastic Blob

The elastic blob () is a characteristic size of elastically effective chains. It was originally
introduced by Pincus to explain the stretching of single polymer chain [3,12]. The elastic modulus
per blob is in an order of kg T, where kg is the Boltzmann constant and T is the absolute temperature.
In polymer gels, the elastic blob is considered to be equal to the geometric blob; the polymer chains
between crosslinkers are the elastically effective chains. The net elastic modulus (G’) of the gel is
written as the product of number density of elastic blob (p.;) and the elastic modulus per blob,

Gl = PelkBT (3)

The theoretical prediction for p,; depends on the models (affine network model or phantom
network model), but Equation (3) always holds. p,; can be estimated by Equation (3) with the elastic
modulus of the polymer gels. By assuming a cubic lattice for simplicity, the size of elastic blob is
given as:

Ea=py,"" @)

According to the tree-like approximation, the number density of elastically effective chains
should be proportional to the number density of crosslinkers [1]. Therefore, the size of elastic blob is
proportional to that of the geometric blob.

Gl = Cg ©)

2.3. Correlation Blob

The correlation blob (&) is a characteristic length, inside which there is higher probability to
find a monomer from the same polymer chain rather than that from other chains. The correlation
length is also called the screening length of excluded volume effect because the excluded volume effect
(intramolecular interaction) vanishes quickly for a length scale larger than the correlation blob due
to the presence of other polymer chains. For semidilute polymer solution, the correlation blob has a
scaling relation with polymer volume fraction as:

e & Rg(f*) T g, (929 ©)

where Rg is the gyration radius of the polymer chain, ¢* is the overlapping volume fraction of
polymer chains, and v is the Flory exponent, which shows the solvent quality for the polymer chains
(good solvent, v = 3/5; f-solvent, v = 1/2).

For a dilute polymer solution, the correlation blob is nearly equal to the size of the polymer
chain itself:

Cc =Ry, (¢ <9¢7) @)

The relaxation time (7*) of correlation blob can be measured by dynamic light scattering (DLS).
By assuming the Stokes-Einstein relation on blob dynamics, the correlation blob is given as:

kgT
_ -+ 2 "B
CC =T q 67T’75 (8)

where g is the magnitude of the scattering vector, and 7 is the solvent viscosity.

3. Results and Discussion

A series of 2 x 4 gels were prepared by mixing mutual reactive tetra-PEGs (M,, = 20 k) and
linear-PEGs (M,, = 0.2-20 k) at the stoichiometric ratio. By changing the molecular weight of
linear-PEGs while fixing the molar concentration of tetra-PEGs (Uy4), we successfully formed a series of
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polymer gels with the same crosslinker density but different molecular weights between crosslinkers.
The sol samples were prepared as controls by using the same tetra-PEGs and linear-PEGs without
mutual reactive end-groups. The 4 x 4 gels were also prepared as controls by using mutual reactive
tetra-PEGs with M,, 20 k. The relaxation time (7*) of correlation blobs was measured by DLS. T* was
obtained by fitting the first relaxation mode. Partial heterodyne correction was performed for the
relaxation time of polymer gels to obtain the true relaxation time in non-ergodic system [13,32,33]. The
size of correlation blob, ., was calculated with Equation (8).

In polymer solutions (2 x 4 sols), the scaling law changes from & ~ ¢° to & ~ ¢ %% as
increasing ¢ (Figure 3), corresponding to the general transition of polymer dynamics from dilute
region (& ~ ¢°) to semidilute region (& ~ ¢ %7 for good solvent and & ~ ¢! for 8-solvent) [34].
The slight deviation of the exponent from that in good solvent is likely due to the strong excluded
volume effect of tetra-arm polymers. By contrast, in polymer gels, all the values of §. in the gels fall on
a single master curve with a scaling law, & ~ ¢~0%¢ (Figure 3), regardless of the amount of defect
(Case A or Case B) and the molecular weight of linear-PEGs. The ¢, of the 4 x 4 gels, which were
shown as controls, were on the same master curve of the 2 x 4 gels. The appearance of semidilute
scaling law for all the gels suggests that the gels essentially possess the semidilute correlations, which
is irrelevant to the network structure. The scaling laws also found by plotting ¢. with respect to
molecular weight between crosslinkers (M), but these scaling laws come from the simple relation
¢ ~ UyM,.. Therefore, we do not discuss them here. Another point that we need to emphasize is that
the values of ¢, of the gel samples are the same as those of the sol samples when the concentration is
high (¢ > 0.04). This result clearly suggests that the correlation blob observed in semidilute regime is
independent of the reaction conversion of the polymer chains (or molecular weights) and it is a simple
function of concentration as pointed by de Gennes [3].

10 F T T T T T LI —]
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sl 0 2x4 system Case B
7L Gel i

® 2x4 system Case A
m 2x4 system Case B
4x4 system

& [nm]

Figure 3. Size of correlation blob in 2 x 4 gels as a function of the total polymer volume fraction
(¢ = ¢2 + ¢4). The full symbols represent the gels and empty symbols represent the sols. Data of
Case A are shown in red and those of Case B are shown in blue. Sol samples were prepared as controls
by using the non-reactive tetra-PEGs and linear-PEGs. 4 x 4 gels are also shown as controls. The solid

line illustrates the fitting curve, ¢. ~ 4)‘0‘56.

Figure 4 shows G’ of 2 x 4 gels as a function of the molecular weight between crosslinkers
(M,). G's for the 4 x 4 gels (tetra-PEG gels) with the corresponding crosslinker densities (Case A,
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Uy = 3.0 mM; Case B, Uy = 1.5 mM) and the same M, are shown as controls; the values are cited from
the study of Akagi et al. [17]. The values of G’ were almost the same for 2 x 4 gels and 4 x 4 gels.
A simulation and NMR study in 4 x 4 gels has revealed that when the tetra-PEG concentration is above
its overlapping concentration (Case A), the unfavorable bonds, such as double-link and higher-order
defects, are negligible [35]. Therefore, the comparable values of G’ in Case A suggest that 2 x 4 gels
are free of defects just as the 4 x 4 gels are [15,18,25]. G’ in Case B increased as the molecular weight
of linear-PEGs increased (G’ ~ M,!'?), suggesting that more ideal networks are formed when the
linear-PEGs are long enough to connect the nearby tetra-PEGs. A precise measurement for the reaction
conversion may give us more information to discuss the scaling law in Case B. But it was difficult
to measure the reaction conversion in our system at this stage. We could not measure the reaction
conversion in Case A as well because the values of G’ in 2 x 4 gels are very close to those in 4 x 4 gels.
Hence, we assume the reaction conversion of 2 x 4 gels in Case A is as high as 4 x 4 gels (reaction
conversion ~85% from previous study [17]).

4
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Figure 4. Shear modulus (G’) of 2 x 4 gels as a function of molecular weight between crosslinkers (M, ).
Data of Case A are shown in red and those of Case B are shown in blue. 4 x 4 gels with corresponding
tetra-PEG concentration are shown as controls. The solid lines denote the fitting curves of G ~ MO
and G’ ~ M.!? for Cases A and B, respectively. The values of G’ of 4 x 4 gels are cited from the
study of Akagi et al. (tetra-PEG 20 k (M, 10 k), ¢ = 0.051 (= 3.0 mM) and tetra-PEG 40 k (M, =20 k),
¢ = 0.096(= 3.0 mM) as controls for Case A; tetra-PEG 40 k (M, =20 k), ¢ = 0.051 (= 1.5mM) as a
control for Case B) [17].

According to the rubber elasticity theory, the elastic modulus is only a function of crosslinker
density and does not depend on the molecular weight between crosslinkers [34]. Therefore,
theoretically, G’ in Case A was expected to be constant irrespective of the molecular weight of
linear-PEGs, G ~ M,". However, from our experiment, we found that the values of G’ increased
with enlarging the molecular weight (G’ ~ M%), contracting with the classic theory for rubber
elasticity. A similar increase in G’ was reported by Akagi et al. in 4 x 4 gels, in which they plotted the
data as a function of ¢ [17]. They explained this increase as the transition from the phantom network
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model to the affine network model, and they considered the transition is caused by the suppression of
crosslinker fluctuation with increased ¢. Our data support their prediction and validate the transition
more directly because we fixed the crosslinker density and changed the molecular weight between the
crosslinkers independently. A big chain placed in between crosslinkers is likely to suppress the motion
of the crosslinkers than a small chain.

An interesting experiment was performed by Katashima et al. [36]. Instead of increasing the
molecular weight between crosslinkers, they added unattached guest chains into 4 x 4 gels and
observed that the concentration of guest chain does not influence the elastic modulus of the gels at
all. By comparing their result with ours (Figure 4), we can conclude the fluctuation of crosslinkers is
affected by the molecular weight of the crosslinkers but not by the total polymer concentration. This
was not clear in previous study by Akagi et al. [17].

Gcs Gt and g were estimated from the relaxation time, the elastic modulus, and the tree-like
approximation, respectively (Figure 5). In calculation of ¢¢, we used the Equations (1) and (2) and
assumed the reaction conversion, p, is a constant equal to 0.85. , remains constant against M. because
the geometric blob, as its definition, does not depend on the molecular weight between crosslinkers.
The geometric blob only depends on the crosslinker density (molar concentration of tetra-PEG, Uy)
and reaction conversion. In both Case A and Case B, ¢, were obviously decreasing functions of M,
(more accurately, the functions of ¢ because ¢ ~ M,). This result clearly shows that the correlation
blob is definitely not the mesh size in the gels. Although the same conclusion was already reported
in the study for volume-phase transition of gels [9], our data shows the correlation blob is not the
mesh of gel network even in ordinary as-prepared state. What about the elastic blob, ¢.? In Case B,
the lack of information for the reaction conversion prevents clear discussion. However, in Case A, the
reaction conversion can be estimated to be constant and as high as 85% from the previous studies of
4 x 4 gels [17]. Even in the case, the size of elastic blob decreases with increasing the molecular weight
of linear-PEGs, indicating that elastic blob is not a proper method to evaluate mesh size in gels either.
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Figure 5. Various blob sizes of 2 x 4 gels as a function of molecular weight between crosslinkers (M,).
(a) Case A: complete network; (b) Case B: incomplete network. The values in horizontal axis are the
molecular weights of the chain between crosslinkers.

The relation between various blobs in complete network is summarized in Figure 6. While
geometric blob and elastic blob do not change with the molecular weight between crosslinkers
(or polymer volume fraction), the correlation blob shrinks significantly with increased polymer volume
fraction. Although the correlation blob is often referred to as the mesh in many previous studies, it is
not the mesh in polymer gels. The elastic blob was expected to be a good measure to estimate the mesh
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size by experiments, but we found the molecular weight between the crosslinkers strongly influences
the estimated values. The evaluation of mesh size in polymer gels is still a challenging task.
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Figure 6. Schematic of various blobs in 2 x 4 gels in Case A complete network. (a) Network with short
chains between crosslinkers; (b) Network with long chains between crosslinkers.

At the end of this article, we would like to show two interesting new scaling relations between
shear modulus G’ and the correlation blob & (Figure 7): G’ ~ & !, and G’ ~ &% were found in
Case A and Case B, respectively. G’ has been believed to have no correlation with ¢.; indeed, the
experiment by Katashima et al. proves no correlation between these two parameters when the (. is
changed by the unattached guest chains (they did not mention this in their article, but their result
clearly shows this conclusion) [35]. However, in our experiments, where ¢, is changed by increasing
the molecular weight between crosslinkers, G’ is clearly dependent of ¢.. We do not have a confident
explanation for the physics lying behind these scaling laws. However, the elastic blobs introduced
by Pincus [1-3] may be the clue for our findings. According Pincus, the elastic blob size of a single

polymer chain is defined as
kgT

f
where f is the stretching force on both ends of the chain. Inside an elastic blob, f is a weak perturbation
compared to the thermal energy of the monomers (kpT) that randomizes the conformation of polymer
chains. Therefore, each elastic blob retains the correlations of a Flory chain (a chain with excluded
volume effect). Now, remember that the correlation blob is indeed the screening length of the excluded
volume effect. A polymer chain may be divided into elastic blobs as big as correlation blobs, especially
when the force is weak. By taking the effect of correlation blob into the classic rubber elasticity theory,
we obtain following relation:

el = )

G' = pekpT ~vZ 'kpT (10)

where v is the number density of elastically effective chains, ¢; ! denotes the number of correlation
blobs per elastically effective chain. Further experimental studies and computer simulations are
required to validate this hypothesis.
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Figure 7. Double logarithmic plot of shear modulus and correlation blob of 2 x 4 gels. The solid lines
show the fitting curves of G’ ~ ¢! and G’ ~ &2 for Cases A and B, respectively.

4. Experimental

4.1. Sample Preparation

Figure 2 shows the schematic illustration of the model networks, “2 x 4” polymer networks,
prepared in this works. The 2 x 4 model networks were prepared by cross-end-coupling of
for N-hydroxysuccinimide (NHS)-terminated tetra-functional PEG (tetra-PEG, M,, = 20 k) with
amine-terminated linear PEGs (linear-PEGs) having various M,, (=0.2 k to 20 k) in acetonitrile. The
chain-overlap polymer volume fraction (¢;) of tetra-PEG 20 k is around 0.035 (=2.1 mM) [17]. The
subscript 4 denotes tetra-PEG and 2 denotes linear-PEGs hereafter. We started the gel preparation
from two cases: Case A, well-packed system (¢4 = 0.050 (=3.0mM) > ¢;) to form complete
networks and Case B, non-packed system (¢4 = 0.025 (= 1.5 mM) < ¢;}) to form incomplete networks.
The linear-PEGs with different molecular weights were added into the tetra-PEG solutions by the
stoichiometric ratio to form polymer gels with the same crosslinker density but different molecular
weights between crosslinkers.

For DLS experiment, the corresponding sol samples with the same polymer concentration were
prepared by using non-mutual-reactive tetra-PEGs (amine-terminated tetra-PEG) and linear-PEGs
(amine-terminated linear-PEG). The 4 x 4 gels were also prepared as controls in DLS experiments by
cross-end-coupling of NHS-terminated tetra-PEG (M,, = 20 k) with amine-terminated tetra-PEG
(Mw = 20 k) equivalently in acetonitrile. We fabricated two gels. One gel forms a complete
network (¢4 = 0.083 (=50mM) > ¢;), and the other gel forms an incomplete network
(ps = 0.017 (=1.0mM) < ¢;). We note that crosslinker density of 4 x 4 gels is different with
2 x 4 gels here.

4.2. Dynamic Light-Scattering Measurements

DLS measurements were performed by ALV5000 Light Scattering Instrument (Langen, Germany).
The light source was a He-Ne laser (A = 632.8 nm), and the scattering angle was 90°. All the experiments
were performed at 25 °C. The data was recorded for 30 s for each sample.
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4.3. Rheological Measurements

The storage modulus (G’) of polymer gels were measured with a double cylinder system of a
rheometer (MCR501, Anton Paar, Graz, Austria) at 25 °C. The shear strain and the shear frequency
were 2% and 1 Hz, respectively.

5. Conclusions

We succeeded in preparation of a series of 2 X 4 model polymer networks, where the molecular
weights of the linear-PEGs were varied from 0.2 to 20 k. The 2 x 4 gels showed the comparable elastic
modulus as the conventional 4 x 4 gels and enabled us independent tuning of the crosslinker density
and molecular weight, which was difficult and very limited in 4 x 4 gels. By using the 2 x 4 gels
technique, we have access to the huge library of linear polymers with different molecular weights and
chemical compositions in the preparation of model networks. Taking the advantage of 2 x 4 gels, we
prepared a series of model networks with different molecular weights between the crosslinker while
keeping the same crosslinker density, and revisited the old problem, “what is the mesh size in gels?”
The following results are disclosed:

(1) The concentration dependence of the correlation length, ¢., is independent of the molecular
weight and the completeness of the network structure, and follows the well-known scaling law,
& ~ ¢3/%. The gels essentially possess the semidilute correlations, which is irrelevant to the
network structure.

(2) In contrast to the correlation length, the mechanical properties, i.e., the elastic modulus, depend
strongly on the completeness of the networks, and two different scaling relations were found.

(3) The correlation blob is definitely not the mesh size in polymer gels, although it is often referred
to as the mesh size in polymer networks. The elastic blob is, by definition, close to the mesh size.
However, it is found that the molecular weight between crosslinkers brings a complicated effect
in estimation of the mesh size.

(4) An interesting correlation was found for the first time between G’ and ¢, depending on the
complete/incompleteness of the networks, G’ ~ ¢;! and G’ ~ .2, respectively, for the
complete networks and incomplete networks. The Pincus blob may be a clue for explanation of
these correlations.
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