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ABSTRACT: Gelation has long been conceptualized and modeled

as a percolation process in which bond formation or destruction S

events are random. Percolation assumes that connections are /

created or destroyed randomly such that the critical point should Gel 1f - . , %
occur at the same point when approached from either direction. Point ' 5 v
Here, the gel point of an end-linked poly(ethylene glycol) gel was 0.8} ; % deviation
measured during forward (bond forming) and reverse (bond i 8 épergf,';t- 0
breaking) gelation and degelation processes to interrogate how the f°"”a;j i féii#% EJ?,,,,,,, =
gel point scales with synthesis concentration, where decreased 0.577 l/r:‘;rse ' B L e cimulation
concentration leads to an increased prevalence of inelastic loops. . e -

Forward gel points, measured with combined kinetic nuclear
magnetic resonance (NMR) and diffusing wave spectroscopy
(DWS) experiments, were identical to results generated from a
kinetic Monte Carlo (KMC) simulation, demonstrating the expected gel point suppression as the concentration decreased. Reverse
gel points, measured with a selective degradation technique, were within the error of forward gel points at high concentrations but
displayed a lesser degree of suppression as the concentration decreased. This deviation between forward and reverse gel points at low
concentrations was qualitatively reproduced in the KMC simulation. These experiments and simulations show that forward and
reverse gel points diverge as the gel system becomes more dilute, suggesting that kinetic effects cause a departure from the
percolation behavior in defect-rich gels.

J concentration, 1 loop fraction

B INTRODUCTION Percolation theory assumes that the bond formation probability

Accurately predicting and quantifying the gel point is extremely is independent of the size and structure of reacting molecules but
important for many applications ranging from reactive requires bonds to form between adjacent vertices on a lattice.
extrusion'” to injectable hydrogels for drug delivery.’ In a The widely used Flory—Stockmayer gelation theory, also known

chemically cross-linked system, the transition from viscoelastic as the mean-field approach, is percolation on a Bethe lattice with
fluid to solid occurs when the number of cross-links reaches a infinite dimensionality (Figure 1d).””"* Percolation theory
critical threshold, at which point the weight-average molar mass recovers the Bethe lattice prediction at and above six
diverges. This sol—gel transition has traditionally been under- dimensions. Indeed, Flory—Stockmayer theory is still widely
stood in analogy to the theory of percolation.””” Cross-linker acclaimed because it is the classical result that is recovered
molecules are considered sites on a lattice, and the formation of whenever intermolecular connections between any two reactive
cross-links is viewed as the formation of bonds between sites. groups not connected to the same molecule are made with equal
When bonds are formed at random, the critical transition from Probabilit}r] regardless of their POSitiOl’l, which molecule they
disparate connections to a percolated network (Figure 1) occurs belong to, and whether or not a lattice is used."’

at a critical fraction of bonds p., which is a specific value of the The example lattices in Figure 1b,1c depict bond percolation,
bond formation probability, p. Bond formation requires that but other forms of percolation are also commonly applied to

both ends of the polymer linker react with a cross-linker;
individual reaction events are tracked by the chemical
conversion, g, where qz = p for random bonding (Figure 1a).
Around the sol—gel transition, the material behavior changes
rapidly; properties such as weight-average molecular weight and
viscosity diverge as the distance between p and p. becomes small.
It is therefore desirable to be able to predict the conversion at
which this transition will occur, but the percolation threshold
depends on both dimensionality and lattice type (Figure 1b,c)
and is notorious for being challenging to accurately quantify.

gelation. Bond, site, and site-bond are all lattice-based
percolation theories and as such all invoke the assumption of
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Figure 1. (a) End-linking reactions lead to the emergence of a percolated polymer network. Lattices composed of tetrafunctional junctions in 2D, 3D,
and an infinite dimensional Bethe lattice (b—d) respectively. The critical percolation threshold, p,, is given for each.
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Figure 2. Chemical synthesis of the tetrafunctional PEG gel via copper-catalyzed alkyne azide click chemistry. The synthesis resulted in gels with

known primary and secondary loop fractions.

random placement of the bonds, sites, or both, respectively.
Bond and site percolation have different percolation thresholds,
with bond percolation typically applied to melt or concentrated
systems and site more commonly applied to dilute gel
systems.”>'* Site-bond percolation sets both the bond and
site occupation probabilities independently and has previously
been employed to look at concentration-determined percolation
as opposed to time-based reactive gelation.'”'® The assumption
that any two occupied sites next to each other are bonded is not
physically translatable to an end-linked network, and as such, site
percolation is more readily applied to gelation through the
polymerization of multifunctional monomers.'”

In discussing different types of percolation, it is important to
distinguish between topological and kinetic effects. One key
difference between percolation on a lattice versus in an
experiment is the nonideal topological connectivity that
constitutes the tangible network. Recent studies on the gelation
of end-linked gels have shown that topological defects such as
loops lead to gel point suppression, a phenomenon that is
dependent on the preparation condition of the precursors as well
as the ultimate topology of the cross-linked network.'®™>°
Furthermore, the translation from a real polymer network to a
well-defined lattice (Figure 1a versus c or d) is an approximation
that neglects topological complications such as a broad
distribution of loop orders.”’ Whether such factors affect only
the numerical value of the gel point or actually disrupt the critical
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behavior predicted by the percolation theory is still largely
unknown. Prior work is inconclusive; while many authors have
studied the critical behavior of networks and report agreement
with 3D percolation predictions,”” ™ others report a transition
from mean field to 3D,”° while others report exponents which do
not agree with either.”” >’ Topological effects should impact
both the forward and reverse measurements to the same extent
and can be varied in percolation theory by changing the lattice or
type of percolation. Kinetic effects are concerned with the
relative rates of formation of different topological structures
such as loops, branches, and elastically effective strands. If these
rates change throughout the course of the experiment, indicating
correlated events, then the core randomness assumption is
violated and any lattice-based percolation theory no longer
applies unless a correlated probability is considered; this could in
turn change the critical behavior of the system.””* This
possibility of kinetic effects that cause deviation from random
bond or site placement is tested here

In this work, the physics of the sol—gel transition is examined
through the study of the gelation of an end-linked system
prepared by cross-linking a stoichiometric amount of bifunc-
tional polymeric precursors with small molecule tetrafunctional
cross-linkers (structures shown in Figure 1). Symmetry is an
intrinsic property of a noncorrelated percolation process; if
bond formation is truly random, the transition should occur at
the same point regardless of the direction of approach.

https://doi.org/10.1021/acs.macromol.3c00831
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Figure 3. (a) Diffusing wave spectroscopy set up built to measure the time at which the gel point occurred during network formation. (b)
Representative light intensity variance data from the DWS used to determine the gel point.
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Figure 4. (a) Chemical schematic of the cross-linking reaction with the trackable proton-containing carbons highlighted and labeled with their
downfield shifts. (b) NMR peak integration normalized by the solvent peak over the time course of the gelation reaction. Kinetic data are accurate up to
the gel point, after which the sample becomes a viscoelastic solid, and quantitative integration becomes unreliable. (c) Calculated conversion as a
function of time. (d) Linearized conversion data demonstrate pseudo first-order kinetics, as expected for the CuACC reaction. Data are shown for the

25 mM mixed degradation sample.

Comparing forward to reverse gel point measurements across a
range of polymer gel concentrations will further elucidate the
applicability of percolation theory.

B EXPERIMENTAL APPROACH

Experiments were carried out on a bifunctional azide-terminated
poly(ethylene glycol) (PEG, MW = 4600 g/mol, N = 36, b = 1.1 nm)>'
system cross-linked with a tetrafunctional alkyne small molecule via
copper-catalyzed azide alkyne cycloaddition (CuAAC) in N,N-
dimethylformamide (DMF) at varied PEG precursor concentrations,
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as shown in Figure 2. The topology of this network has been previously
studied with network disassembly spectrometry, leading to a detailed
understanding of the dependence between the dimensionless
concentration and loop formation.”*~** The overall network topology
can be controlled by a single dimensionless parameter, cR?, where ¢ is
the concentration of the bifunctional precursors and R denotes the root-
mean-square end-to-end distance of the linear precursor, assuming an
unperturbed Gaussian chain.*® The dimensionless parameter is the
product of the macromer concentration and the pervaded volume of
each macromer chain that represents the ratio between the intra-
molecular length scale and the intermolecular length scale. When the

https://doi.org/10.1021/acs.macromol.3c00831
Macromolecules 2023, 56, 9255—9263


https://pubs.acs.org/doi/10.1021/acs.macromol.3c00831?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00831?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00831?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00831?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00831?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00831?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00831?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00831?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

parameter is large, intermolecular branching reactions dominate, and
the resulting network is mostly free of small loops. On the contrary,
when the parameter is small, intramolecular looping reactions become
significant, and abundant loops are found within the fully cross-linked
network. Gels were synthesized at 8, 10, 12, 14, 16, 18, and 25 mM
initial polymer concentration (cR® = 0.69—2.14), corresponding to
primary loop fractions of 0.33—0.09 over that same range.

Forward Gel Point Quantification. The forward gel point was
measured with a combination of diffusing wave spectroscopy (DWS)
and proton nuclear magnetic resonance ('"H NMR) to monitor the
dynamic sol to gel transition and conversion simultaneously. DWS is a
light scattering method that accounts for multiple scattering, making it
ideal for gels.%_38 Experiments were conducted on a home-built DWS
with a custom NMR tube sample holder (Figure 3a), as detailed in the
Diffusing Wave Spectroscopy section of SI. Microparticles were added
to the gel samples at a loading of 0.5 wt % such that the majority of the
scattering signal (~95%) was from particles (Figure S1). Control
experiments showed that the moduli of the gels were unaffected by
particle size (Figure S2), and the conversion of the gel point was
unaffected by particle size, particle loading, catalyst loading, or
degradable strand content (Figure S3). The 1-um diameter particles
were selected to be significantly larger than the mesh size, quantified as
average correlation length measured via small angle neutron scattering
to be in the 1—10 nm range.’** The particles therefore became
trapped when the incipient gel formed. The dynamics of the
microparticles were captured in the light scattering signal; the
incipience of a gel dampened particle dynamics, leading to smaller
fluctuations, as demonstrated in the standard deviation of the light
intensity plotted in Figure 3b. Details of this quantification are included
in Section 2d of the SI, but the transition was generally visually apparent
in the data and occurred over a less than a 1 min window.

Kinetic NMR data were used to determine the conversion up to the
gel point. Previous work has shown that quantitative measurements on
gelling systems are accurate until gelation in the pregel regime.*"** In
the chemical system, there are 4 appearing peaks and 2 disappearing
peaks, which are tracked to measure conversion, corresponding to the
protons marked and labeled with their downfield shifts in Figure 4a. An
analysis of the 'H NMR spin—lattice relaxation constant, T}, was used
to ensure an accurate quantitative integration. Based on the relaxation
analysis (SI Section 2b), a single 4 s scan was collected every 30 s to
track conversion. Peak areas were normalized with the solvent peak area
and internally against a constant methyl peak (Figure 4b) and were also
validated with a tetramethylsilane (TMS) standard addition (SI Section
2c). Once normalized, the conversion over time was calculated for each
of the 6 peaks, as shown in Figure 4c. The conversion data track
together until after the gel point (as measured by DWS), at which point
the signal starts to dampen due to extremely fast proton relaxation. The
data were linearized according to pseudo first-order kinetics, shown in
Figure 4d, which have been shown to apply for CuAAC reactions.** The
linearity is maintained until slightly past the gel point, confirming the
validity of the conversion quantification. The conversion at the gel point
was extracted from the NMR data by using the time at which gelation
was observed in the DWS data.

Reverse Gel Point Quantification. The reverse gel point was
measured by synthesizing two different azido-functionalized end
groups, one degradable and one nondegradable in basic conditions as
shown in Figure Sa. A series of samples with varying degradable content
was synthesized at each concentration, tested to ensure no significant
variation in moduli as a function of degradable content (Figure S4), and
then degraded with 1.5 M KOH. Samples were monitored and allowed
to equilibrate for 2 days before measurement; no further changes were
observed for over a week after the initial equilibration period. The gel
point could be identified visually by looking at the state of the gel; a 2%
difference in degradability content created a notable transition from a
macroscopic piece of gel to a homogeneous solution. The depercolation
threshold was defined as the transition between a clear solution with a
solid gel to a liquid solution with suspended microparticles and no
macroscopic piece that could be filtered out, as shown in Figure Sb
(data in SI Section 3d). Microparticles were included because they were
used in the DWS measurement to quantify the gel point; here, the
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Figure 5. (a) Degradable and nondegradable macromers used to
synthesize a series of gels with varied degradable content. (b)
Representative visual data of the reverse gel point measurement.

indicator was when they were released from the gel, as opposed to when
they became trapped within the gel. These measurements were
repeated across gel concentrations to collect reverse gel point data as a
function of loop defects.

Kinetic Monte Carlo Simulation. Forward and reverse gel points
were also predicted with a kinetic Monte Carlo (KMC) simulation by
tracking the cluster size distribution during network growth and
dissolution. The KMC algorithm from the experimentally validated
simulation procedure first developed by Ste?to and co-workers** ™"
and later revised by Olsen and co-workers®>*****’ was adopted. This
simulation employs a reaction-limited assumption, where the diffusion
of the reactants and chain relaxation are much faster than the reaction
rate. This assumption has been shown to a;)ply over a wide
concentration range in the end-linking process,”® and importantly,
allows the spatial location of polymer segments and junctions to be
neglected, enabling a large system size of up to 40,000 chains. In the
simulation, the propensities for the reactions between all pairs of
unreacted sites were tracked and re-evaluated at each simulation step
according to the reaction probability relation

1 3 i
\% 27R dyg (1)

where Vis the volume of the reactor and d,y is the shortest topological
distance (number of bifunctional precursors found on the shortest
path) between a chain A and cross-linker B. The 1/V term in eq 1
represents the pairwise concentration of any pair regardless of the
surrounding network that determines the probability for contact, while
the second term represents a pair’s internal concentration if the two
groups are connected to the same network that determines the looping
probability of a connected path d,y. Based on this probability, an
unreacted chain and an unreacted cross-linker are selected at each
reaction step. If the two selected groups are not connected before the
reaction, d,p is infinite and the reaction results in an intermolecular
connection. If the two selected groups are connected, dyp is a finite
number x and the reaction results in an intramolecular connection and
the number of xth order loops increases by one, where x is the number
of chains in the loop. The cluster sizes of connected components and
the shortest distances between chain-cross-linker pairs are updated after
a selected A - B pair reacts. The KMC simulation accurately Predicts
primary and secondary loop fractions in end-linked PEG gels.”>***¢

https://doi.org/10.1021/acs.macromol.3c00831
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Figure 6. (a) Conversion at the forward gel point from combined DWS/NMR measurements agrees with KMC gel point data. (b) Conversion at the
reverse degel point from selective degradation measurements was systemically greater than those predicted by KMC. Experimental measurements were
corrected to account for the actual conversion achieved in nondegradable PEG macromer synthesis. KMC error is from the uncertainty in extrapolation
to infinite system size. (c) Simulation predicts a deviation between forward and reverse gelation. (d) Experimental forward and reverse gel point data

deviate as the system becomes dilute.

At the gel point, the weight-average molecular weight of the system
diverges as an infinite molecule forms. Due to computational system
size limitations, this divergence is not captured cleanly in simulation.
Instead, the reduced molecular weight, or the weight-average molecular
weight of all clusters excluding the largest, is used to determine the gel
point."**>*>! The reduced molecular weight exhibits a sharp peak at
the system gel point, as shown in Figure S23 in SI. The gel point of
KMC systems with a varying number of chains ranging from 15,000 to
40,000 was calculated and extrapolated to an infinite system size as
detailed in Section 4a of the SI. Simulations were performed with the
following parameters: Kuhn length b = 1.1 nm, number of Kuhn
segments N = 36, and dimensionless concentrations from cR®=0.57—
S5.85 for comparison to experiments. For the reverse gelation, the
networks obtained from the forward gelation were sequentially
dismantled by randomly breaking a discrete percentage of network
strands. After each breaking step, the weight-averaged molecular weight
and reduced molecular weight of the clusters were calculated. Plotting
the reduced molecular weight as a function of percentage of broken
strands (Figure S25) generates data similar to the forward reaction
calculation, where the depercolation threshold is extracted as the peak
in the reduced molecular weight plot. The codes used for forward and
reverse gel point calculations are available in the GitHub repository
linked in ref 52.

B RESULTS AND DISCUSSION

Gel point results are first compared to examine the agreement
with theory and then to analyze the forward and reverse
behavior. Forward gel points from coupled kinetic experiments
and KMC simulations at different dimensionless synthesis
concentrations were in close agreement, as shown in Figure 6a.
All measured gel points were within error of the KMC results;
the simulation data were also previously shown to be in good
agreement with gel point data collected by Wile (reported by

9259

Spouge) ,>*> Gordon and Scantlebury,54 and Cail and Stepto,55 as
reported by Wang et al.'® When the system is loop-free, a
scenario only achievable in simulation, the Flory—Stockmayer
gel point q. = (f — 1)7° & 0.577 is recovered as expected for a
model in which connections between any two reactive groups
are made with equal probability. As the loop content increases
(1/cR? increases), the onset of forward gelation is delayed. The
simulation has no fitting parameters and is in close agreement
with the experimental PEG gel data, which have been measured
previously with NDS, directly demonstrating the importance of
intramolecular reactions in predicting the gel point. This
suggests that a purely topological model, neglecting diffusion,
packing, entanglement, and compositional fluctuations, is
adequate for quantitative prediction of the gel point in end-
linked networks.

Reverse gel points from gel degradation experiments and
KMC simulations exhibit less extreme gel point delay than the
forward measurements, as demonstrated in Figure 6b. Here, the
original degel data from experiments lies above the measure-
ments predicted by KMC. The experimental data are not as
closely aligned with the KMC simulation results as in the
forward measurement, although both exhibit less drastic gel
point suppression at low concentrations.

The reverse gel point experiment is sensitive to incomplete
conversion during the forward reaction steps because every
chain that is not elastically effective counts as an extra link that is
cleaved, biasing the measurement toward a lower number of
degradable bonds. Analysis of precursor NMR traces in the SI
(Section 2f) shows that the conversion of the functional group
coupling reaction for the nondegradable prepolymer was ~93%,
which causes a systemic bias in the recorded data because 7% of

https://doi.org/10.1021/acs.macromol.3c00831
Macromolecules 2023, 56, 9255—9263


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00831/suppl_file/ma3c00831_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00831/suppl_file/ma3c00831_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00831/suppl_file/ma3c00831_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00831/suppl_file/ma3c00831_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00831?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00831?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00831?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00831?fig=fig6&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

reactive groups were not actually active. When this is accounted
for (SI section 3e), the experimental gel point data are shifted to
slightly lower values. While this bias is directly accounted for in
the efficiency correction above, the degradable PEG function-
alization reaction and the click reaction itself are also limited by
imperfect chemical conversion. Even the very high conversions
(>98%) supported by NMR and FTIR data in the SI are
imperfect and compounding. This effect is minimally impactful
in forward gelation because the conversion is only tracking
bonds that successfully form before the gel point without regard
for groups that remain unreacted at the end. The degradable
content of the network did not have an impact on the forward gel
point, as gels made with 100% degradable and a 50/50 mixture
of degradable/nondegradable PEG had the same conversion at
the gel point (Figure S3a).

Forward and reverse gel points from the simulation and
experiment are directly compared in Figure 6¢,d, respectively. It
is observed that for systems with small loop contents (low 1/
cR?) the gel points of the forward and reverse gelation are within
error, indicative of a symmetric, percolation-like behavior.
However, for systems with larger loop contents, the gel points
between the two sets become disparate, and significant
hysteresis can be observed between the forward and reverse
gelation, breaking the symmetry between the two processes. The
difference between forward and reverse gel point measurements
at the cR® = 1.45 data point is significant with a student’s two-
tailed ¢ test a < 0.01, or with 99% certainty, while the difference
at cR® = 1.18 is significant with a student ¢ test & < 0.1, or with
90% certainty, which does suggest a divergence considering the
prior points have no significance. Where this divergence begins
to occur differs between simulation and experiment: 1/cR® > 0.4,
primary loop fraction >15% in simulation, while the divergence
is later, at 1/cR® > 1.2 and a primary loop fraction >25% in the
experiment. Previous work by Sakai et al. similarly found that the
fractal dimension of percolation clusters in a tetra-PEG system
began to deviate away from the lattice-based percolation
prediction when 1/ cR? was greater than one.'

Regardless of where the forward/reverse deviation occurs, the
hysteresis is captured in the scaling of gel point delay with
dimensionless concentration, as plotted in Figure 7. The
relationShip Ap = (pactual - pideal) ~ (CRa)_a Yields Oforward =
1.18 = 0.05 While Gyeyerse expe, = 0-88  0.03 and ygyerse i = 0-64
+ 0.08 for the data presented in Figure 7. These are all within the

forward expt.
reverse expt
®  forward KMC
®  reverse KMC
I— =—forward scaling

’% reverse expt scaling
§ |- - - - reverse KMC scaling
Q -
)
El Opeverse,expt = “0-88 £ 0.03
2
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Q‘: - ~N
- ~
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Figure 7. Scaling of the deviation from the ideal gel point with
dimensionless concentration yields significantly different exponents for
the forward and reverse process. Decreasing cR® correlates with
increasing loop fraction, as shown in prior literature. %7

range of exponents reported from a variety of previous works
measuring the forward gel point (@ = 0.63 to 1.36) across many
different chemical systems, and the forward gel point o
unsurprisingly matches the data sets which were reported
above to agree with the KMC simulation, which all have a >
1.'%%375¢ The difference in a within a single chemical system is
evidence toward a deviation from percolation behavior.

One possible explanation often employed for the departure
from classical percolation is diffusion effects, which often
manifest in diffusion-controlled off-lattice models, such as
monomer-cluster or cluster—cluster aggregation.'”**”*" Lang
and Miiller recently presented a diffusion-limited gelation
simulation that considers the dynamics and conformations of
the molecules in space and reported a scaling exponent of @ <2/
3. They summarized many previous gel point studies, the
majority of which report a > 1 when all data points are included
in the fit, but they are discounted due to unequal reactivity. This
means that the gel point deviation is scaling more quickly than
anticipated because different reactive groups have different
probabilities of reacting, which could be due to a large number of
effects including diffusion limitations, steric hindrance, or
topological constraints. However, the gel synthesis reaction
used here and most solution-based reactions are not diffusion-
controlled for a vast majority of gelation reactions based on prior
experimental work®® and Damkéhler number analysis.”” As
Dusek sagely points out in his review of gelation behavior,
diffusion in gel formation is a seemingly contradictory scenario:
while network formation will always pass through a stage when
the process is diffusion-controlled, the structure evolution in
many systems is practically unaffected by diffusion over a wide
range of conversions.~ So, although it is possible that the abrupt
increase in viscosity at the gel point causes diffusion effects to
become important, the agreement between a variety of gel point
data sets and the reaction-limited KMC simulation here suggests
that the gelation process is largely unaffected by diffusion
limitations.

It therefore seems likely that the large degree of forward gel
point suppression is caused by unequal reactivity stemming from
topological, not diffusional, kinetic constraints. In the KMC
simulation, the propensity for a given reaction is directly
dependent on whether two groups form a bridge or a loop when
reacted. As shown in eq 1, the probability of reaction depends
inversely upon the topological distance d,p between two groups
such that two groups that are topologically close to each other
have a slightly higher chance of reacting, generating a loop. In
the semidilute and higher concentration regime, where
branching reactions are favored, loops are less abundant and
the forward gel points align with reverse gel point measure-
ments. However, as the concentration decreases and the primary
loop fraction at full conversion becomes substantial, the forward
gelation diverges from the behavior of the truly random reverse
gel point. Looping events are favored, and abundant looping
events occur before the onset of the sol—gel transition. Since
looping events do not contribute to the growth of the overall
molecular weight, they significantly delay the onset of gelation
and may lead to the large values measured for the a scaling
exponent.61

Returning to the original percolation problem, a relatively
wide range of the concentrations tested here follow the classical
percolation behavior, as supported by the agreement between
experimental forward and reverse gel point measurements. The
agreement in the experimental system suggests that while
topological loops and defects cause gel point suppression, the
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propensity for looping changes relatively little as a function of
conversion. This is supported by previous measurements of loop
fractions measured with NDS and rate theory over the course of
the gelation reaction, which showed a relatively constant rate of
loop formation at a semidilute concentration.”* Stated another
way, the odds that a particular strand forms a loop during gel
formation are equivalent before and after the gel point in the
regime where loops are present but are not highly correlated,
shown schematically on the left in Figure 8. When the forward

Higher concentration Lower concentration
Non-correlated loops High loop densities
Classical percolation Deviates from percolation
1+
Gel
Point
0.8
I,
Ao 3T
g—o—14 ] -
0.577 p— O gelptexpt —®—gel pt KMC
) O rev. expt. corr. —H— rev. gel pt KMC
0.0 0.5 1.0 1.5
1/cR®

Figure 8. Comparison of forward and reverse gel point measurements
with characteristics of the high- and low-concentration gels shown
schematically. High concentration networks correspond to the
schematic representation of the network, which resembles the Bethe
lattice used in Flory—Stockmayer theory with isolated defects. Lower
concentration gels correspond to the representation with a high level of
defects.

and reverse gel points begin to diverge is indicative of unequal
reaction propensity over the course of the reaction. This occurs
when the gel concentration becomes dilute and loops become
correlated, as shown on the right in Figure 8. Because the odds of
selecting a loop to cut during gel dissolution are always
equivalent, the deviation suggests that the kinetics of gel
formation are causing the additional gel point suppression.

In summary, this work provides simulation and experimental
studies on the gelation of end-linked networks to interrogate the
adherence to critical percolation behavior. When the system
predominately favors branching reactions over looping reac-
tions, the gelation, both forward and reverse, closely traces the
Flory—Stockmayer theory predictions corrected for loops and
the mean-field percolation provides a fitting description for the
gelation behavior. However, when the relative rate of looping
reactions is increased, the system not only experiences changes
in the loop content at full conversion but also experiences a
qualitatively different transition near the gel point, as indicated
by the divergence of the forward and reverse gel point as the gel
synthesis concentration decreased. Overall, the evidence
suggests that the classical analogy between gelation and critical
percolation does align with the majority of the semidilute
gelation data presented here. As the gel preparation conditions
become dilute and topological defects become more prevalent,
the sol—gel transition can deviate from the classical picture. In
the dilute regime, additional physics, such as variable or
correlated rates of loop formation, should be considered to
obtain more accurate descriptions of this complex phenomenon.
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