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ABSTRACT: The range of applications involving free-radical
cross-linking processes has grown impressively over the last
decades. However, in numerous fields where tightly cross-linked
materials are required, the network development and its relation to
the elastic properties are still a gray zone, as it is particularly
challenging to design experiments that would allow validating the
predictions from (often phenomenological) theoretical models or
numerical simulations. Here, we report on a successful attempt to
align time-resolved infrared-rheology measurements with fully atomistic simulations over the whole conversion range of an
important acrylic free-radical cross-linking polymerization, unveiling the different regimes behind the elasticity build-up upon double
bond conversion. Our combined experimental−theoretical approach provides an original insight into the various stages of the
polymer network growth, from the earliest initiation up to final conversion. More specifically, we show that the pregel and gel
formation stages are driven by the formation of branched polyfunctional polymers, which link together toward a sample-spanning
network at the gel point. This regime proceeds in the postgel stage until the spatial heterogeneity in the cross-link density vanishes,
leaving dangling ends as residual structural defects that then gradually connect to close the network. Following a steep transition at
ultimate conversion, the elastic modulus of the network reaches the value predicted by the rubber elasticity theory in the affine limit.

■ INTRODUCTION
In the thrust toward a sustainable world, new material
development will increasingly rely on the design and use of
energy-efficient processes. With its favorable energy footprint,
free-radical polymerization activated by UV light, or photo-
polymerization, already achieved solid acceptance in the field of
industrial coatings and inks for multiple substrates including
wood, paper, plastic, and glass more than two decades ago.1−6

The unique light-controlled resolution in space and time, along
with pioneering developments in demanding areas such as
dental materials or security glazing,7−9 raised photopolymeriza-
tion to a successful, widespread technology in an expanding
number of areas such as structural adhesives, bioengineering,
electronics, photonics, multidimensional printing, etc.10−12

Today, new applications of photopolymerization linked to the
energy transition, such as light-weight materials, energy storage,
and encapsulation are emerging, with an enhanced focus toward
renewable and recyclable precursors.13−17

In contrast to step-growth polymerization mechanisms,
chains and strands grow along wide-ranging structures in free-
radical cross-linking owing to the random nature of radical
initiation and termination processes.18−21 The coupling
between the reaction kinetics of an active radical and its
molecular host structure introduces additional spatial differ-
entiation upon growth, characterized by fluctuations in cross-
link density and connectivity imperfections such as dangling

chains and loops.22−24 This results in a heterogeneous network
build-up, which is extremely challenging to characterize from an
experimental perspective, even more so for multifunctional
precursors (e.g., multiacrylate compounds) that polymerize fast
owing to the gel or Trommsdorff acceleration at an early stage in
the reaction.1,18,25

The local structure of lightly cross-linked networks (polymer
gels, (swollen) rubbers, or adhesives) after polymerization has
been studied with a number of scattering and microscopic
methods at submicron length scales. In particular, polymer
networks formed by free-radical cross-linking showed variable
degrees of structural heterogeneities depending on the amount
and type of cross-linker, monomer, and solvent content, and
polymerization conditions.26 In these studies, evidence of
domains in the final network has been related to the formation
of cross-linked nanoclusters during polymerization. However,
similar reports are scarce for tightly cross-linked networks, which
are typically insoluble and infusible solid materials not suitable
for experimental characterization. Noteworthily, a recent
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investigation combining atomic force microscopy and X-ray
scattering provided new insight into the complex structural
development at the nanoscale at different steps in photo-
polymerization.27 This was demonstrated for blends of acrylate
precursors with very distinct molecular backbones, resulting in
networks with an overall low to moderate cross-linking level and
showing phase segregation at a submicron scale.

Independently, computational schemes were elaborated over
time and could be implemented to investigate the equilibrium
topology of networks generated by a free-radical mechanism and
later to predict the density, the glass transition, and mechanical
properties.28−30 In addition, topological details such as the
density of the elastically effective network strands can be
extracted frommolecular simulations, which so far canmerely be
estimated approximately from experimental data within the
framework of the classical statistical models.31 Recently, Zhong
et al. proposed the real elastic network theory (RENT) that
accounts for the effect of topological defects on the bulk
elasticity of polymer hydrogels. By introducing the elastic
effectiveness depending on the loop defect order and the
topological distance of the strand from the loop, they were able
to predict the shear modulus, G′, solely on the basis of molecular
information.32

In the case of free-radical polymerization, numerical experi-
ments were conducted for well-defined molecular structures,
such as hexanediol diacrylate, but so far, validation with reported
experimental data was only possible at the end of the
polymerization in the ultimate cross-linked state.29 However, a
comprehensive understanding of those systems requires the
continuous monitoring of the network development during the
fast transformation of a well-defined low-viscosity molecular
liquid to a tightly cross-linked network, which is still an unmet
experimental challenge. Yet, significant technical progress was
achieved recently in recording the viscoelastic evolution of a fast
cross-linking network, additionally coupled to time-resolved
spectroscopic data in some cases.33−38 The sensitivity of the
elastic modulus provides an indirect but effective probe of the
overall network structure, and the relationship between the
elastic modulus and the network topology has been investigated
since the early days of polymer physics.18

Here, we address this issue through a joint experimental/
modeling approach combining simultaneous time-resolved
infrared-rheology measurements with atomistic molecular
dynamics simulations, which offer a new perspective on the
formation of tightly cross-linked networks (here applied to a
well-defined diacrylate precursor) for a rapid photoinduced free-
radical polymerization process. We stress that the simulations
have been designed and conducted to reproduce as closely as
possible the experimental conditions (i.e., soft initiation
conditions, quasi-equilibrium), hence providing a detailed and
robust mechanistic description of the evolution of the network
topology with conversion. We show experimentally that, at
temperatures sufficiently high to avoid vitrification over the
course of the polymerization, the elasticity build-up after
gelation unveils three distinct regimes as a function of double
bond conversion. These regimes match remarkably well the
three well-defined stages of the topology development observed
from molecular modeling simulations. The formation and
connection of highly functional polymer structures play a key
role in the network and concomitant elasticity development up
to half conversion. Subsequently, a transition to a uniform
percolation regime occurs. Close to full conversion, the elastic
modulus ramps steeply toward the affine limit prediction of the

rubber elasticity theory, correlating with a decline of the thermal
fluctuation amplitude of the cross-link points.

■ METHODS
Materials. Tripropyleneglycol diacrylate (TPGDA, Mw = 300 g

mol−1) was supplied by Allnex (Belgium). High purity was achieved by
complete acrylation of the residual hydroxyl groups using a slight molar
excess of acryloylchloride and triethylamine for neutralization. The
reaction was conducted in dichloromethane at 60 °C for 24 h. Next, the
organic phase was washed three times with water in order to remove any
salt trace. The purity was confirmed by standard GC-FID
chromatography and FTIR spectroscopy.

For the photopolymerization experiments, a photoinitiator (1-
hydroxycyclohexyl phenyl ketone, HCPK, Irgacure 184, BASF, Mw =
204.3 g mol−1) was added to the TPGDA precursor at ≈0.1 mol % (i.e.,
[HCPK] ≈ 7.0 mmol L−1) with respect to the double bond content.
Themolar extinction coefficient ϵ of HCPKwas determined byUV−vis
spectroscopy from a 0.1 w/w% solution in acetonitrile. At a wavelength
of 365 nm, the value ϵ365 = 37.5 L mol−1 cm−1 was determined.

Experimental Monitoring of the Cross-Linking Process.
Photorheology coupled with time-resolved FTIR-MIR spectroscopy
was used to follow the polymerization of the TPGDA precursor upon
photoactivation. The small-strain viscoelastic properties were moni-
tored in oscillatory deformation along with the spectral changes in the
MIR range. For this purpose, an MCR302 rheometer (Anton Paar) was
equipped with a UV-transparent quartz cylinder (diameter 8.3 mm)
mounted in a steel shaft as the upper body of a parallel plate
configuration (Supporting Information 1). The bottom side of the
quartz cylinder in contact with the sample was sanded to improve
adhesion by increasing the surface roughness. Light emitted from aUV-
LED at a wavelength of 365 nm (Thorlabs) was guided optically onto a
mirror at the top of the shaft and redirected through the quartz cylinder
toward the sample, filling a gap of 300 μm between the plates. The
bottom plate of the rheometer was fixed in a Peltier heating element for
temperature control. An attenuated total reflectance mid-infrared
(ATR-MIR) monitoring probe was fitted within a circular opening
machined in the center of the plate. The IR probe was connected to an
MCT detector of a Tensor 27 FTIR spectrometer (Bruker). IR spectra
were acquired at the highest rate (≈2.3 s−1) in the wavenumber range
with the highest signal-to-noise ratio, i.e., between 650 and 1800 cm−1

at a resolution of 2 cm−1. The consumption of the acrylate double bonds
was estimated from the area of the absorption peak at 810 cm−1 (τ(�
CH2), area A810) scaled with respect to the area of the absorption band
of the carbonyl stretching at 1720 cm−1 (v(C�O), area A1720) in order
to compensate for measurement variations. The fractional double bond
conversion was estimated as p(t) = 1 − (A810/A1720)t/(A810/A1720)0.

The photopolymerization step was conducted at 90 °C in order to
achieve high conversion rates in nonvitrified conditions. Prior to the
measurement, dissolved molecular oxygen was removed by bubbling
nitrogen gas through the sample for 20 min. The viscoelastic properties
were measured every 0.5 s using an oscillatory strain with an amplitude
of 0.2% and a frequency of 10Hz. The sample was exposed for 10min to
UV light at an intensity of 10 mW cm−2 at a sample location (measured
using a high-resolution thermal power sensor of Thorlabs). While
insignificant for the phase angle, the aperture in the bottom plate
increased the apparent shear modulus by a factor ≈2 relative to the
absolute values obtained with a flat plate without the IR probe. The
moduli values were corrected accordingly.

For a reliable correlation of the viscoelastic and the spectral data in a
TR-MIR photorheology experiment, it is a prerequisite to achieve
uniformity of the absorbed light intensity and, hence, the initiation rate
across the sample volume during polymerization. Whereas the lateral
homogeneity of the incident beam is easily verified experimentally, the
light absorption along the incident path is estimated from the molar
concentration and the molar extinction coefficient of the photoinitiator
at 365 nm. As the ATR crystal has a triangular shape with its top at the
level of the bottom plate (cf. Supporting Information 1), the light
absorbed by the photoinitiator should be uniform down to the bottom
end of the crystal surface (≈ 2 mm below the shear gap). According to
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the law of Beer−Lambert, the absorbed light intensity reads as Ia = I0(1
− e−α365), with α365 = 2.303ϵ365[HCPK]d and I0 is the incident photon
flux, which is well approximated as Ia ≈ I0α365 for α365 ≪ 1, expressing a
constant number of absorbed photons per incremental depth interval.
While this “thin-film approximation” is clearly valid at the top of the
ATR crystal where α365 ≈ 0.018, it deviates by 7% at the bottom end
where α365 ≈ 0.14. Thus, it is reasonable to assume that the average
conversion probed by the ATR crystal reflects the conversion of the
precursor at the level of the shear gap. The initiation rate of the
photopolymerization process can be estimated here from the
decomposition rate of the photoinitiator, i.e., Rd = φdIa/d, where φd

is the quantum yield and d is the depth of the volume element. At the
level of the gap, an upper bound for the initiation rate is then Rd,max =
2.303ϵ365 [HCPK] I_0, assuming φd = 1. According to the experimental
conditions, i.e., incident light at 365 nm with an intensity of 10 mW
cm−2, Rd,max = 1.8 10−5 mol L−1 s−1.

Molecular Dynamics Simulations. The construction and
molecular dynamics simulations of the TPGDA networks were
performed using the Materials Studio 7.0 (Biovia) commercial
simulation package. The Dreiding force field was adapted to represent
at best the intra- and interatomic interactions of the studiedmolecules39

(Supporting Information 2). The nonbonded terms include hydrogen
bonding, electrostatic, and van der Waals forces. The latter were
calculated by means of the Lennard-Jones (12-6) potential function,
whereas the Coulombic contribution is evaluated using the group-based
summation because of its capacity to reduce energy fluctuations and
computational time. The cutoff is set at 1.2 nm for both interactions.
The atom charges were computed using the Gasteiger iterative partial
equalization method.40 During the simulations, the Parrinello−
Rahman barostat (at atmospheric pressure) and the Nose−́Hoover−
Langevin (NHL) thermostat (with a Q ratio of 0.01) were employed to
control the pressure and the temperature of the simulation box,
respectively.41

■ RESULTS
Conversion Scaling of the Elastic Build-Up in Free-

Radical Cross-Linking Polymerization. Tripropyleneglycol
diacrylate (TPGDA) is widely used in UV-curable formulations
as a versatile reactive solvent (“diluent”) owing to its low
viscosity (10 mPa s). With two acrylate double bonds, this small
molecule acts as an efficient four-functional cross-linker in a
radical polymerization process. Upon complete reaction of the
double bonds, the glass-transition temperature (Tg) of the cross-
linked TPGDA is ≈70 °C according to the loss modulus
maximum (Supporting Information 3). The transformation
from the low-viscosity liquid into a tightly cross-linked network
following a fast photoinduced free-radical polymerization has
beenmonitored from a chemical and a viscoelastic perspective in
a synchronous time-resolved approach (using time-resolved
infrared photorheology). By setting the temperature at 90 °C
(i.e., above Tg), vitrification was avoided along the course of the
polymerization. A uniformly distributed radical population was
achieved in steady state at a low initiation rate of the order of
10−5 mol L−1 s−1. As center-of-mass diffusion slows down
quickly within a few percent of conversion for small multi-
acrylate precursors, radical termination is primarily controlled
by reaction−diffusion over most of the polymerization
process.25,42 The ratio of the kinetic coefficients between
termination and propagation is around kt/kp ≈ 30−40 for
acrylates in this regime, where the value of kp is typically of the
order of 104 M−1 s−1 for diacrylates.25,42 From these values, one
can readily estimate the ratio between the double bond and
radical concentrations to be ≈1.0 × 106 and down the line also
the average kinetic chain number ν ≈ 104, which expresses the
mean number of double bonds that have reacted per radical
before termination takes place. This order of magnitude suggests
that the structural development of the network can be modeled

Figure 1. (a) Plot of the elastic shear modulus G′, the double bond conversion, and the viscoelastic phase angle as a function of time uponUV exposure
for TPGDA at 90 °C. (b)Double logarithmic plot (base 10) of the shear modulus G′ vs the reduced bond probability ϵ = |p − pc|/pc using the value pc ≈
0.1 as predicted from the simulations. The exponents of the respective power law regimes are reported. Extrapolation of the second regime toward zero
modulus (dashed line) returns the conversion value at the gel point. (c) Schematic representation of the initial monomer bath exposed to light (left),
the stage of connected branched polymers after the gel point (center), and the percolating cross-linked network (right).
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by assuming the presence of a single radical in a pool of double
bonds (vide infra).

The rapid transformation in time of TPGDA upon UV
exposure is illustrated in Figure 1, where the shear modulus and
the double bond conversion are plotted vs time at 90 °C (in
oxygen-free conditions). The sudden drop of the phase angle at
the onset of double bond conversion indicates that the
viscoelastic gel point is reached at a low conversion.43 In
contrast to the fast conversion ramp (gray dots), the shear
modulus (blue dots) follows a rather gradual growth up to a
limiting value of ≈10−15 MPa at full conversion. Gelation
theories typically predict scaling relationships of the form G∞ ∝
ϵz for the equilibrium elastic modulus in terms of the reduced
bond probability ϵ = |p − pc|/pc, where pc stands for the bond
probability or fractional conversion at the gel point (also
referred to as critical conversion). Scaling exponents usually
reflect structural and dynamical self-similarity, with z ≈ 2.6 and 3
for predictions based on critical and mean-field percolation
theories, respectively.18−20

As confirmed below, a priori topological knowledge from the
simulation data indicates that small highly functional macro-
molecules (further referred to as branched polymers) are formed
initially before connecting together, mainly by propagation, and
turning in a weak incipient gel at pc ≈ 0.1, in particular, for
radicals in a large pool of double bonds. Using the latter
prediction as the best guess for the experiment, the correlation
between the concurrent data sets of G′ and ϵ in Figure 1 reveals
three clear regimes characterized by two power law behaviors
after gel formation and the final steep increase within the last
stage of bond conversion. The scaling factor for the build-up of
the network elasticity at the low conversion side is z ≈ 0.7, which
reflects the continuance of the structural growth mode driven by
the linking of the polyfunctional branched polymers mutually or
to the network backbone. At this stage, isolated polymers are
continuously formed in the polymerization bath upon constant
UV exposure. It is further stressed that, similar to a solvent,
unreacted (or “free”) TPGDA molecules result in a weak
softening effect of the elastic properties of the polymer
network.20 Upon consumption of free monomer at low
conversions, a scaling exponent zmon ≈ 0.3 is predicted for G′
in the assumption of a statistical polymerization in θ conditions.

This first modulus regime is maintained up to a fractional
conversion of p ≈ 0.4 where a second regime kicks in with a
much higher slope z ≈ 2.4, reminiscent of a bond percolation
process tightening the network efficiently. Noteworthily, the
extrapolation of the second regime toward zero modulus returns
the conversion value at the gel point. Finally, the modulus grows
by more than 1 order of magnitude in the ultimate trans-
formation close to complete conversion. The final experimental
value is close to the shear modulus value estimated in the affine
limit of the rubber elasticity theory, i.e., G∞ ≈ 10 MPa, using an
initial double bond content of 6.7 mol kg−1 for the studied
TPGDA precursor. Consistent with a thermosetting behavior,
the experimental shear modulus shows a constant value at
temperatures beyond the glass transition (Supporting Informa-
tion 3).

Topological Analysis of Free-Radical Cross-Linking
Polymerization. Molecular dynamics (MD) simulations
provide a solid framework to investigate the gelation mechanism
and the formation of acrylate-based polymer networks from a
topological perspective. For the construction of polymer
networks, different multistep methods were developed in the
past.44−46 Among these, the progressive polymerization

approach based on distance criteria was extensively applied to
cross-linked networks formed by step-growth polymeriza-
tion.47−52 Fewer studies have been reported for the free-radical
chain polymerization of multifunctional unsaturated precur-
sors.29,44,53 The modeling of the polymerization process and the
tools for network analysis were applied in this work built on
previous structure−property studies in the field of thermo-
sets.54−56 We adapted the simulation algorithm in order to
reproduce appropriately the propagation of the radical after each
reaction step. In themodel, the structural development along the
living polymerization process was followed for one radical in a
pool of TPGDA molecules, as suggested by the experimental
results described above (termination steps and chain transfer are
neglected in the model). However, for extrapolation purposes
and consistency analysis, the model structures were prepared for
a range of initial TPGDA molecules (NTPGDA = 800, 400, 200,
100, 50, and 25) in the presence of a single radical center. The
results of the topological development are reported against the
ratio r = n/N of the radical to double bond numbers, n and N,
respectively (i.e., for one radical r = 1/2NTPGDA = 0.0625, 0.125,
0.25, 0.5, 1, and 2 mol %, respectively). The validity of the “one-
radical” approach was verified by comparison to simulations at
similar ratios r but conducted with two initial radicals (i.e., r = 2/
2NTPGDA). The simulated radical polymerization focuses on the
growth of the single main chain involving the gradual reaction of
the diacrylate monomers up to full double bond conversion.
Irrespective of the initiation details, the approach closely mimics
the polymer development in the experiment when one radical,
after creation, propagates across a very large number of double
bonds before termination. In addition, avoiding vitrification
effects warrants a direct comparison between experimental and
simulation results. This modeling strategy is in stark contrast
with former simulation studies typically conducted with fairly
high radical concentrations (primarily aimed at reducing the
required computational cost, which was not restricted here).28,29

At high radical concentrations, however, experiments monitor-
ing the fast radical polymerization cannot be conducted owing to
limitations in instrumental response time, hence preventing an
unambiguous connection between the theory and experiment.
Following the low radical approach described here, modeling of
the polymer structures provides a topological map of the
network build-up for comparison with the experimental
modulus data from the pregel stage to the gel point across the
complete postgel phase.

Pregel and Incipient Gel Formation. Gelation is defined by
the appearance of the three-dimensional infinite insoluble
network during polymerization. Scanlan and Case have defined
the active part of the gel as being composed of “cross-linking
junctions or cross-links” joined by at least three paths to the
infinite network and “elastically effective network strands”
terminated by cross-links at both ends.57,58 Because of the
localized nature of the free-radical cross-linking, the early stages
of the polymerization lead to intramolecular chain cyclization
events and the formation of highly functional polymers.26

Further polymerization results in the intermolecular bridging of
those branched polymers, which start to form a sample-spanning
infinite network at the gel point. During the analysis of the
growing chain(s), the emergence of an infinite structure can be
detected from its undefined gyration radius as it can only be
computed for a finite polymer structure. The simulation
algorithm developed earlier for step-growth polymerization55

was adapted for radical polymerization here and is described in
Supporting Information 4.
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Figure 2a shows the dependence of the critical conversion pc

for increasing radical/bond ratio r. The overall behavior of pc
follows a square-root dependence in agreement with mean-field
predictions for free-radical cross-linking systems. In particular,

Korolev et al. derived criteria for the critical conversion from the
moments of a generating function including the number of
monomers, functionality, and active centers of the growing
polymers.59 Typically, for fast initiation, p r f/( 1)c = ,

Figure 2. (a) Critical conversion pc as a function of the radical/double bond ratio r for the formation of the gel using either one (orange circle solid) or
two starting radicals (solid squares) in the simulation box. The line highlights the square-root behavior predicted from models based on statistical
mean-field approximations. (b) Schematic representation of the network backbone and three types of structural chains (elastically effective network
strands, dangling chains, and self-loops) along with the cross-linking junctions.

Figure 3. Structural characteristics of the cross-linked main chain. (a) Density of elastically active network strands vs double bond conversion p. (b)
Experimental shear modulus up to a double bond conversion p ≈ 0.9 represented on a linear scale. (c) Weight-average degree of polymerization P̅w of
the elastically active network strand. The standard deviation of P̅w is provided as error bars for the simulations at r = 0.0625 and 1 mol %. (d)
Concentration of structural defects (total of dangling and self-loop chains). The results are shown for numerical simulations conducted at different
radical/double bond ratios r (in mol %).
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where f ̅ is the average number of double bonds in the monomer
ensemble. In the limit where r → 0, the agreement no longer
holds and a limiting value pc ≈ 0.1 is achieved when radicals are
highly diluted within a large number of monomers. Consistent
with the experimental conditions as mentioned before, the latter
value was used in Figure 1b to estimate the reduced bond
probability. Figure 2a also highlights similar trends for pc when
predicted following a one-radical or a two-radical scenario,
which supports the assumption of independent molecular
growth. Not surprisingly, the agreement is close at the lowest
radical/double bond ratios but we note some deviation between
the two approaches at higher ratios, chiefly attributed to
difficulties in obtaining uniform distributions of the two starting
radicals in the (small) simulation boxes. At the lower end of the
stoichiometric window, more specifically at r = 0.0625, 0.125,
and 0.25 mol % (larger boxes), the simulations show that
intramolecular reactions occur during the formation of the
branched polyfunctional polymer chains before the actual gel
formation. Typically, intramolecular reactions start after the
polymerization of approximately 30 TPGDAmolecules and lead
to cycles and cross-links within the polymer. At low r, radicals
primarily grow by propagation in a nearly infinite pool of
monomers, suggesting that the polymer growth will exhibit the
same features for larger-scale models. A high r, the polymer-
ization process precipitates the formation of an infinite network,
driven by the intermolecular interactions among the extending
polymer chains. As a result, the development of the infinite
network ultimately predominates without the formation of pre-
cross-linked branched polymers.
Postgel Network Development. After the gel point, the

elasticity of the network develops according to the formation of
elastically effective network strands. Tracking the type and
number of chains helps in understanding the structural
imperfections and local fluctuations in the network, which
affect the elastic behavior of the overall network. As before,
elastically active cross-links are defined as junction points with at
least three paths leading to the infinite structure and allow us to
classify the chains in four categories based on their structural
features: (i) elastically active strands, which are segments
attached to active cross-links at both ends, (ii) dangling chains
attached to the main polymer network by only one end and,
hence, not fully incorporated into the network structure as the
active chain, (iii) self-loops, with both ends connected to the

same junction point forming a cyclic structure, and (iv) free
chains not connected to the rest of the network and part of the
sol fraction. The algorithm to identify the chains involves several
steps: (i) assigning the same name to new linked pairs of atoms
during curing, (ii) establishing the linkage map using the names
of the reacted atoms between all of the molecules in the largest
fragment, (iii) identifying linear chains and corresponding chain
lengths, and (iv) finally, classifying each monomer unit into one
of the four categories: free chain, dangling end, elastically active
chain, or self-loop, as well as enumerating the active cross-links
(cf. Figure 2b). The structural heterogeneity that follows from
the spatial distribution of the cross-links leads to a broad
distribution of elastic strand lengths.26 From a detailed analysis
of the simulated structures using a custom-made algorithm, the
number of active cross-links, the density of elastically active
network strands νe, the number of structural defects, and the
dispersity of the elastic chains were determined at various steps
of double bond conversion (Figure 3).

Figure 3a reveals that the density of elastically active network
strands follows a piecewise linear growth as a function of the
double bond conversion marked by a slope change at p ≈ 0.4−
0.5 regardless of the size of the simulation box. The slope
transition correlates remarkably well with the observed regime
change for the experimental shear modulus (Figure 3b, which is
a linear representation of Figure 1b as a function of conversion),
suggesting a qualitative but not straightforward quantitative
relationship between these quantities, as discussed later. The
weight-average degree of polymerization P̅w of the elastically
active network strands, along with the standard deviation, is
plotted in Figure 3c for various simulated structures. Upon
double bond conversion, P̅w is characterized by a marked
decrease between the gel point and p ≈ 0.4−0.5, eventually
converging toward the value of a single monomer unit beyond p
≈ 0.7 (which means the TPGDA monomers act as single elastic
strands in the network, not in sequences of monomers
anymore). The standard deviation of P̅w further probes the
network uniformity and is here illustrated for the low and high
radical/double bond ratios, r = 0.0625 and 1mol %, respectively.
At the lowest ratio r = 0.0625 mol % (largest error bars), the
random development of branched, intramolecularly cross-
linked, polymers before gelation (as discussed earlier) further
echoes in a pronounced network heterogeneity, which lasts up to
p ≈ 0.9. The persisting network heterogeneity provides a

Figure 4. Fluctuations of the cross-links and transition to the affine network. (a) Mean square displacement (MSD) of atoms in the structural cross-
links after gelation. The curves are displayed as average results for all of the structural cross-links smoothed over 100 points using the Savitzky−Golay
method. (b) The standard deviation of the average length of the elastic chains as a function of the strain, averaged over three different structures at p =
0.9 and 1.0.
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rationale behind the motional freedom of the cross-links up to
very high conversion levels as discussed later. In contrast, the
network develops uniformly from the start at the highest ratio r
(error bars within symbol at low conversion). Finally, Figure 3d
highlights the aspect of network defects represented by the
concentration of dangling chains and self-loops. Irrespective of
the radical/double bond ratio, the number of structural defects
grows after gel formation up to a conversion of p ≈ 0.5−0.6 and
decreases gradually beyond p ≈ 0.7. The defects are
predominantly dangling chains with self-loops only contributing
to a small extent (2−3%). It is further emphasized that even at a
conversion p = 0.9, there is still a non-negligible number of
defects present in the network, which only disappear completely
at full conversion (p = 1). The presence of these defects not only
contributes to an overall reduction of the cross-link density but
also introduces additional degrees of freedom to the fluctuation
of the cross-links (i.e., a free volume increase).

A uniform closure of the network leads to motional and free
volume constraints. As shown in Figure 4a, monitoring themean
square displacement (MSD) of the elastically effective strands
supports the picture that structural defects and cross-link
heterogeneity impart motional freedom at conversions below p
= 0.6. A strong reduction of the MSD (by 1 order of magnitude)
is noticed between p = 0.6 and 0.7. Upon further conversion to p
= 0.9, the observed depletion of structural defects (cf. Figure 3d)
does not alter the fluctuation level further. At complete
conversion, however, a second major drop takes place, leading
nearly to the motional arrest of atoms in the network. These
findings corroborate the analysis of Torres-Knoop et al. where a
similar transition was identified at high conversion for diacrylate
networks using graph theory for the structural analysis. A
marked enhancing effect was demonstrated for the glass-
transition temperature beyond this point.30

The simulated structures at p = 0.9 and 1.0 were additionally
subjected to a uniaxial tensile deformation in order to probe the
effect of the fluctuation level of the network junctions on the
elastic response of the strands. The average strand length
increases linearly with the strain for both conversion degrees.
However, whereas the standard deviation increases with strain at
= 0.9, it remains remarkably constant for the fully polymerized
network in the elastic regime, implying a uniform deformation of
the elastic strands, which is consistent with the classical affine
model assumption (Figure 4b). The loss in motional freedom
beyond p = 0.9, along with the improvement in network
uniformity, provides a rationale behind the increase of the shear
modulus G′ by nearly 1 order of magnitude in the final stage of
the polymerization (see Figure 1b).

■ DISCUSSION
Network Topology and Elasticity. As illustrated for the

model diacrylate TPGDA here, free-radical polymerization
inherently leads to a polydisperse ensemble of molecular entities
at an early stage that connect into a sample-spanning network at
a low conversion, concurrently initiating the build-up of the
macroscopic elastic modulus. The modulus is particularly
sensitive to the early development of branched polymers that,
once connected as an elastic network, act as nodes in a less cross-
linked matrix. Mark and co-workers documented experimentally
the effect of elastic strand dispersity on the mechanical
properties of defect-free networks by mixing short and long
segments between cross-links.60,61 In comparison to uniform
networks, a heterogeneous one with interconnected clusters
loses capacity to store elastic stress and develops nonlinear

characteristics typical for filledmaterials in terms of loading (e.g.,
filled elastomers).62,63 As an illustrative example, Felderhof and
Iske predicted theoretically a shear modulus of the form G∞ =
Gm(1 + 1.5χ)/(1 − χ) for rigid spheres with a volume fraction χ
in an elastomer matrix with modulus Gm.

64 Strictly valid for
hydrodynamic reinforcement, this expression reflects the weak
filling effect of hard spheres over a broad range of volume
fractions.65,66 Next to the spatial distribution and efficiency of
strands at conversions below 0.5 (Figure 1b), the network is
additionally diluted by free monomer and dangling ends (akin to
a swollen heterogeneous polymer gel), which overall results in a
modulus build-up characterized by a power law with an
exponent smaller than one.

While the polymerization of TPGDA predominantly
generates nonelastic dangling ends in the first regime, the
situation changes drastically in the second one (scaling exponent
z ≈ 2.4) where dangling ends are effectively incorporated into
the network as elastic strands, alongside reducing the cross-link
heterogeneity. The elasticity of uniform defect-free polymer
networks has been described by the classical statistical theory of
rubber elasticity and predicts a linear relationship between the
equilibrium moduli G∞ and νe and the number density of the
elastically active strands, according to G∞ = ϕνeRT, where R is
the gas constant and T is the absolute temperature. The front
factor ϕ is weakly dependent on the assumed constraint level of
the junction points, ranging from 1 for an affine network to 1/3
for a phantom network with a cross-link functionality f = 3.20,21

The affine model assumes that cross-links are firmly attached to
their positions and strands deform proportionally to the
macroscopic deformation of the network. In the phantom
case, the condition of affinity is relaxed to the mean position of
the junctions, allowing junction fluctuations to capture any
excluded volume effects of the chains. The latter approach
ignores any description of chain statistics and volume exclusion
as such, and more elaborated models have been proposed later
on.18,20 Experimental data have usually shown better agreement
with predictions from the phantom model compared to the
affine one. The reduction of the elastic strands is a direct
manifestation of structural defects. Additionally, this study
demonstrates that these defects induce a transition from
phantom to affine models, an effect driven by network
fluctuations. Furthermore, the combination of network
heterogeneity and the structural defects has a profound impact
on the shear modulus magnitude, ultimately leading to deviation
from the theoretical predictions. Furthermore, the molecular
modeling indicates that the elastic effectiveness of the strands
depends on the fluctuations of the network junctions. For the
fully polymerized network, the cross-links are pinned in a
uniform structure conforming to the ideal affine assumption.
Consistently, it appears that the experimental value of the
ultimate shear modulus is remarkably well predicted from the
statistical theory using the density of elastic strands found by
simulations (νe = 3.50−3.75 mol L−1), i.e., Gsim ≈ 11 MPa at 90
°C.However, at p = 0.9, the experimental shear modulus is much
lower, i.e., Gexp ≈ 1MPa compared to Gsim ≈ 8.5 MPa calculated
using the affinemodel (for νe = 2.65−2.95 mol L−1) and is closer
to Gsim ≈ 2.8 MPa predicted in the phantom limit. The different
behavior close to full conversion can be reconciled by
considering that the presence of topological defects decreases
the elastic effectiveness of the strands, inducing additional
fluctuations in the cross-link background, as suggested in Figure
4a. The reduction of this (thermal) fluctuation level in the range
p = 0.9 to ≈1.0 translates into an increase of the elastic modulus
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according to a transition from phantom conditions toward the
affine limit. Akagi et al. observed a similar transition by varying
the initial polymer volume factions φ0 and Mn of the tetra-PEG
gels.67 Below p = 0.9, any source of the leftover network
heterogeneity or structural imperfections prompts motional
freedom on a molecular scale that ineluctably affects the shear
elastic modulus, resulting in significant discrepancies between
the experimental results and the classical elastic models.32,68,69

For applications involving thermosets, the average cross-
linking density is often considered as the single important
parameter to control the glass-transition properties, solvent
resistance, and transport properties of the material in service.
The cross-linking level and network imperfections also strongly
affect the strength and failure properties of the cross-linked
material in the final state. In addition to those features, elasticity
and dissipation properties can play an important role during
processing, possibly at an intermediate stage (such as in
thermoforming applications), and are intimately related to the
details of the network at a certain point along its formation.

■ CONCLUSIONS
We have clearly shown that the construction of a network by
free-radical cross-linking develops along different regimes where
the relation between the shear modulus in the elastic plateau at
high temperatures and the cross-linking density is far from
straightforward. This has been established from the topological
understanding behind experimental viscoelastic data for a well-
defined diacrylate (TPGDA), where bond conversion operates
as the unifying parameter between the experiment and
modeling.

A unique rheological experiment allowed us to monitor the
shear modulus growth upon conversion in photoinduced
polymerization conditions. After gelation, three distinct regimes
were evidenced, with the first two scaling as power laws of the
conversion with exponents z ≈ 0.7 and 2.4, respectively. Our
molecular modeling investigations show that the relative
number of active centers per double bond defines whether the
incipient macroscopic gel proceeds via the connection of
branched, intramolecularly cross-linked, polymers formed in the
pregel stage or not. After the gel point, elastic cross-linking first
develops slowly as single-bondedmolecules (dangling ends) and
loops accumulate in the network upon polymerization. This
trend culminates at a conversion of around 0.5, next followed by
the percolating closure of the network where dangling ends form
elastically active strands by linking to the network, in line with
the regime change to a much higher exponent observed for the
shear modulus. While negligible in terms of cross-linking
density, the presence of residual structural defects close to
complete conversion still has a paramount effect on the
fluctuation level of the cross-links in the lattice, which virtually
vanishes only at full conversion. This key finding provides a
rationale for the strong modulus increase at the very end of the
polymerization, in line with a change from phantom to affine
conditions, as predicted theoretically.
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(66) Heinrich, G.; Klüppel, M.; Vilgis, T. A. Reinforcement of

elastomers. Curr. Opin. Solid State Mater. Sci. 2002, 6, 195−203.
(67) Akagi, Y.; Gong, J. P.; Chung, U.-i.; Sakai, T. Transition between

phantom and affine network model observed in polymer gels with
controlled network structure. Macromolecules 2013, 46, 1035−1040.
(68) Panyukov, S. V. Theory of heterogeneities in polymer networks.

Polym. Sci., Ser. A 2016, 58, 886−898.
(69) Panyukov, S. V. Theory of flexible polymer networks: Elasticity

and heterogeneities. Polymers 2020, 12, 767.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.3c00644
Macromolecules 2023, 56, 7396−7405

7405

https://doi.org/10.1016/j.polymer.2007.07.019
https://doi.org/10.1016/j.polymer.2007.07.019
https://doi.org/10.1021/jp107001e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp107001e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b08473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b08473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7PY00995J
https://doi.org/10.1039/C7PY00995J
https://doi.org/10.1039/C9PY00667B
https://doi.org/10.1039/C9PY00667B
https://doi.org/10.1039/C9PY00667B
https://doi.org/10.1002/pol.1960.1204314219
https://doi.org/10.1002/pol.1960.1204314219
https://doi.org/10.1002/pol.1960.1204514609
https://doi.org/10.1002/pol.1984.180221101
https://doi.org/10.1002/pol.1984.180221101
https://doi.org/10.1002/pol.1984.180221101
https://doi.org/10.1021/ma00142a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00142a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0032-3861(03)00494-4
https://doi.org/10.1016/S0032-3861(03)00494-4
https://doi.org/10.1021/ma961870x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma961870x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma961870x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevA.45.611
https://doi.org/10.1103/PhysRevA.45.611
https://doi.org/10.1021/ma0208887?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0208887?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1359-0286(02)00030-X
https://doi.org/10.1016/S1359-0286(02)00030-X
https://doi.org/10.1021/ma302270a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma302270a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma302270a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1134/S0965545X16060158
https://doi.org/10.3390/polym12040767
https://doi.org/10.3390/polym12040767
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

