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ABSTRACT: Photocurable polymers are used ubiquitously in 3D printing, coatings, adhesives, and composite fillers. In the present
work, the free radical polymerization of photocurable compounds is studied using reactive classical molecular dynamics combined
with a dynamical approach of the nonequilibrium molecular dynamics (D-NEMD). Different concentrations of radicals and reaction
velocities are considered. The mechanical properties of the polymer resulting from 1,6-hexanediol dimethacrylate systems are
characterized in terms of viscosity, diffusion constant, and activation energy, whereas the topological ones through the number of
cycles (polymer loops) and cyclomatic complexity. Effects like volume shrinkage and delaying of the gel point for increasing
monomer concentration are also predicted, as well as the stress−strain curve and Young’s modulus. Combining ab initio, reactive
molecular dynamics, and the D-NEMD method might lead to a novel and powerful tool to describe photopolymerization processes
and to original routes to optimize additive manufacturing methods relying on photosensitive macromolecular systems.

1. INTRODUCTION
Technologies based on curing macromolecular systems by light
are pervasively used for 3D printing of polymers and composites.
Notable examples include stereolithography, continuous liquid
interface production, and digital light processing,1,2 to name but
a few. These methods often exploit light-induced photo-
polymerization where, for instance, photosensitive resins cured
by a light source (often a UV light source) are used to prime and
support the polymerization. Light-induced polymerization is
also widely employed in a vast range of modern technological
applications, ranging from coatings3,4 to lithographic processes
and the fabrication of bioscaffolds.5−8 This technology has
gained much popularity over alternative methods (such as
thermally induced polymerization) due to its reasonable cost,
high accuracy and spatial control of the curing process, and
improved sustainability, due to the lower use of volatile organic
components.
One of the most largely used chemical mechanisms

underlying photopolymerization is based on the free-radical
polymerization,9,10 which essentially consists of the three
following reactions.

(1) Initiation:

hI I ,
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+ →
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Here I is the photoinitiator, and the symbol “•” indicates the
radical while M and Mn represent a monomer and a polymer
composed of n monomers, respectively. In the first step of the
process, upon the interaction of light with a photoinitiator, the
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radical I• reacts with a monomer M, producing the shortest
propagating radical IM•. Afterward, in the propagation step, the
macroradicals, IMn

•, react with pending vinyl groups, M, and,
through cross-linking reactions with propagating radical sites,
form a polymeric network.11 Finally, the polymerization stops
with a reaction between radicals and macroradicals, either via
combination IMn+mI or via disproportionation IMn + IMm.
Many polymers, such as poly(methyl methacrylate), poly-

ethylene glycol diacrylate, and poly(vinyl chloride), photo-
polymerize using this radical reaction scheme. For instance, the
prototypical compound 1,6-hexanediol dimethacrylate
(HDDMA) (Figure 1), a monomer belonging to the family of

methyl−acrylic compounds with two vinyl groups,12 is often
used in adhesives, sealants and inks, and it has gained a
significant interest due to its hydrophobic nature with respect to
other photocured polymer of dimethacrylate compounds.
Indeed, a photocured polymer network of HDDMA contains
from three to four times less water than a corresponding network
of triethylene glycol dimethacrylate.13 The relative low
hygroscopicity of HDDMA (1-octanol−water partition coef-
ficient log P equal to 3.13 from ref 14) is a desired feature, for
example, in coatings and dentistry,15 i.e., in applications where
moisture absorption from the air should be avoided.
Since the viscous and mechanical properties of photocured

materials are critically affected by the type of polymer used,
understanding the molecular structure and topology of the
polymer network as well as its dynamics during polymerization
remains essential. A complex polymeric matrix, for example,
could hinder chainmobility, shrinkage processes, and location of
the gelation point, thus potentially jeopardizing propagation and
termination reactions.16−18 From an experimental standpoint,
the topological characterization of the network formation often
remains elusive, due to the fast reaction rates and the intricate
structure of the polymer mesh.
Hence, computer simulations are a fundamental tool to tackle

such problems.19−23 Although the simulation of the whole
process, comprising the interaction between light and the
material plus the chemical reactions responsible for the polymer
growth, is currently not feasible, precious insights can be gained
through an approximate description. In particular, several kinetic
modeling approaches and ab initio techniques have been used to
probe the network formation process in step-growth polymer-
ization for comprehending the features related to the develop-
ment of the polymer structures, such as gel point, cross-linking

density, and final physical properties of the network, like Young’s
modulus, viscosity, and tensile strength24−26 On the other hand,
over the last 2 decades, classical molecular dynamics (MD)
methods have gained much popularity because of their detailed
atomistic description granted at reduced computational costs, if
compared, for example, with the typical ones needed for purely
ab initio techniques. More specifically, a reactive version of the
classical MD can describe the formation of the cross-link bond
among monomers with number of bonds engaged by a single
monomer larger than two (degree), leading to the generation of
a polymer.
Reactive MD methods can be built following two alternative

procedures. The first one relies on the use of environment
parametrized force fields,27−30 such as the reactive force field
(ReaxFF),31 the Empirical Valence Bond,32 and the Adaptive
Intermolecular Reactive Empirical Bond Order (AIREBO),33

successfully employed to model the polymerization in carbon
composites and thermal decomposition of polymers.34−36 The
second one adopts a topological reactive approach37 which
essentially consists of an algorithm that, once the specific
topology of the prereacted template is matched, adds a new
bond, if a set of predetermined conditions (mainly distance
cutoffs and probability transition coefficients) is fulfilled,38

propagating the radical site.
This method has been used, for example, to study the

mechanical properties of cured epoxy resins, providing a value of
Young’s modulus in close agreement with the experimental
one.39 It has also been applied to simulate the thermomechanical
properties of hexanediol diacrylate (HDDA) polymer net-
works40 and the photoinduced polymerization of diacrylate, at
different curing light intensities and photoinitiator concen-
trations.41 Further notable examples include the heat con-
duction in polydisperse polyethylenimine42 and poly(3,4-
ethylenedioxythiophene),43 as well as the formation of flattened
carbon nanotube/polyimide nanocomposites.44

In the present work, we use the classical MD alongside with
the topological reactive approach to simulate the polymerization
of HDDMA and in particular the formation of covalent bonds
amongmonomers. In particular, the HDDMAmonomer, having
two vinyl groups, could form up to four new covalent bonds. In
the following, the number of bonds engaging a monomer defines
the degree of the molecule (the maximum possible degree of a
HDDMA molecule is four). First, all HDDMA molecules have
degree zero (since they are monomers). As polymerization
proceeds, the monomers become covalently bonded to other
HDDMA molecules providing to molecules with degree one,
two and eventually three and four, forming cross-links. The
classical MD is found to correctly compute a number of
thermodynamic quantities characterizing the initial monomer
blend, such as diffusion constant and viscosity and the
topological features of the resulting polymer solution. Our
reactive MD simulations show, for example, that the number of
polymer loops (also termed as cycles) increases during the
polymerization, with a maximum size ranging between two and
four, although larger structures (up to size 10) also appear. Their
formation is generally penalized for a higher initial concentration
of monomers, while linear chains are more favored. The
concentration of monomers also affects the location of the gel
point, which is found to shift toward higher values of rate of
double bond conversion, a behavior also observed in HDDA.40

Finally, an estimation of Young’s modulus around 4 GPa is also
provided.

Figure 1. Atomic structure of 1,6-hexanediol dimethacrylate
(HDDMA). Hydrogen atoms are in light gray, carbon atoms are in
dark gray, and oxygen atoms are in red. The largest distance among
atoms of the structure is about 15 Å. The inset shows a sketch of the
radical addition mechanism. The radical photoinitiator reacts with one
of the two vinyl groups (in red), opening the double bond and shifting
the radical site to the most substituted carbon.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.1c01408
Macromolecules 2022, 55, 1474−1486

1475

https://pubs.acs.org/doi/10.1021/acs.macromol.1c01408?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c01408?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c01408?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c01408?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c01408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The paper is organized as follows. In the Computational
Details section, we describe the computational approach used to
simulate the polymerization of HDDMA, while in the section
Results, we discuss the thermodynamic properties of the liquid
monomer and the mechanical and topological features of the
polymerization as well as the mechanical properties of the initial
monomer blend. Some final remarks close the manuscript.

2. COMPUTATIONAL DETAILS
2.1. Classical HDDMA Modeling. Classical molecular

dynamics (whose equations are integrated using LAMMPS) is
used to model both HDDMAmonomers and the corresponding
polymer.45 In this work, we exploit the TraPPE United Atoms
(UA) classical force field,46−51 a method which implicitly
embeds hydrogen atoms in the carbon atomic description, so
that each carbon describes a methyl (−CH3) or a methylidene
(CH2) group. A list of parameters is reported in Supporting
Information. With respect to all-atom force fields (such as
OPLS-AA and Amber Force Fields), the TraPPE UA reduces
the complexity of the simulations, preserving accurate bench-
marks against multiple phases, densities, and temperatures.
Although the original formulation implements rigid interatomic
bonds, here we adopt elastic bond interaction potentials to
simulate the cross-linking bond.
To observe the volume shrinkage effect, the isothermal−

isobaric (NPT) ensemble is chosen and simulated through a
Nose−Hoower thermostat,52−56 with a chain length of 3 in
pressure and temperature,101, fixed at 1 atm and 400 K
respectively.57 With this temperature, the system is in a liquid
state above the glass transition, thus allowing the reaction to
proceed. The relaxing time of theNPT thermostat is set equal to
0.1 and 1.0 ps, respectively, for the temperature and pressure,
while the integration time step is fixed at 1 fs.
2.2. Classical Reaction Modeling. The initiation step is

modeled introducing a predefined quantity of active monomers
reacting with the unreacted ones. The amount of active radicals
depends on the kind of initiator, on the characteristics of the
light irradiating the material and on the exposure time. The
photoactivation can be treated either as a probabilistic event58 or
by setting an initial fixed number of free radicals, mimicking the
effect of a very short intense light beam.40,58 In this work, we use
the second approach. In particular, we randomly extract a set of a
given number of vinyl groups among the HDDMA molecules.
Then, the selected vinyl groups are modified to radical sites. The
ratio between the number of modified vinyl groups and the total
number of vinyl groups before the random selection is defined in
the following as the initial radical concentration.
The process of double bond conversion (in the following

DBC) occurring in the propagation step is simulated using the
reactive molecular dynamics, following the topological approach
introduced in the literature.37 This strategy allows for the
simulation of large system sizes (tens of nanometers), whose
dynamics are generally inaccessible to quantum molecular
dynamics, due to the high computational costs of ab initio
calculations.
In this topological reactive method, the bond/react fix

package of LAMMPS is used to match the topology (type,
bonds, angles, dihedrals) of pre- and post-templates (i.e., before
and after the formation of the cross-linking bond) of reactive
atoms.37 More specifically, whenever a reactive carbon is below a
prescribed distance from a reactive vinyl group (−CHCH2),
the algorithm checks whether the topology of the prereacted
template matches with the molecular configuration of the

reactant. If the identification step is positive, the carbon atoms
change type due to the DBC in a single bond, and a new cross-
linking bond is added between the carbon and the vinyl group
alongside with the propagating radical site. Once the prereacted
template is identified, a random number, ranging between zero
and one, is extracted and compared with the reaction probability
k, computed as

k A
G

RT
exp Ai

k
jjj

y
{
zzz= −

Δ
(1)

where ΔGA is the activation free energy of the formation of a
cross-linking bond, in the following assessed by ab initio
calculations (see Section 2.3), A is the pre-exponential
acceleration factor, R is the gas constant, and T is the local
temperature.59

A sketchy view of the propagation step is schematized in
Figure 2, where three templates, containing pre and post

configurations, are shown (see Supporting Information). Here,
the red filled circles represent the two carbons of the vinyl group
(−CHCH2) of each half monomer, the unfilled circles
indicate the radicals, and the black filled circles represent dead
atoms that can not endure further reactions. In the top panel a
radical carbon (unfilled circle) changes type due to the reaction
with a carbon atom of the vinyl group (red filled circle) forming a
new cross-linking bond, represented with a headless black line.
Note that the HDDMA monomer contains two vinyl group.
Once the bond is created, the radical unit is transferred to this
half monomer (middle panel of Figure 2), thus realizing the
propagation step. Afterward, angles and dihedrals (whose
complete list is reported in Supporting Information) are
modified as prescribed by the force filed parameters and
according to the post reaction template. It is worth noting that a
detailed knowledge of the topology is crucial to assess Young’s
modulus and the volume shrinkage during the polymerization.

Figure 2. Schematic representation of the three templates used to
simulate the propagation reactionmechanism. The red circles represent
the potentially reactive carbons of the vinyl group, the white circle
represents the radical site, and the black circles represent the reacted
ones. The rest of themonomer is represented with a cross. Note that the
presence of a second vinyl group in the HDDMA (here represented
with the cross) makes possible the formation of cross-links.
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Finally, the termination process is modeled by a probabilistic
rule in order to describe the ratio between disproportionation
and combination reactions whose ratio is significantly high in
acrylate compounds.60−62 In particular, a pseudorandom
number is extracted from the uniform distribution within the
unit interval when two radical atoms are close enough. If the
pseudorandom number is lower than a threshold value, the two
radicals proceed according to the disproportionation way
without forming an extra bond. Otherwise, the combination
way is modeled with an additional bond alongside the associated
angle and dihedral parameters. The threshold value was set
according to the ratio disproportionation/combination 73/27
experimentally measured for the PMMA.61

2.3. Ab Initio HDDMA Calculations. Ab initio calculations
are used to estimate the activation energy needed for the
addition of a HDDMA monomer to a radical HDDMA dimer,
connected to a tert-butyl group (reproducing the situation due
to the action of an azobis(isobutyronitrile)-AIBN radical
initiator). Then, the estimated activation energy is corrected
for the zero-point energy and for thermal contribution, the last
one being evaluated in NWChem for a canonical ensemble of a
nonlinear polyatomic ideal gas.63 Finally, the solvation energy
was estimated by the conductor-like screening model
(COSMO)64 in the version provided by York and Karplus65

using the modified scaling form of the dielectric constant
proposed by Stefanovich and Truong66 with the radius
parameters for the spherical molecule-shaped cavity suggested
by Klamt et al.67 The resulting activation free energyΔGA is used
in eq 1.
The location of the transition state is obtained using the

nudged elastic band (NEB) method,68 in which the initial
energy path lies between the optimized HDDMA trimer
structure (taken as initial configuration of the band) and the
structure corresponding to a monomer placed at 16 Å from a
HDDMA dimer (final configuration of the band, see Figure 3).
The covalent bond of the optimized HDDMA trimer between
the carbon atoms of the dimer and the monomer is used to trace
the unit vector pointing the direction of the monomer position
in the final configuration (with the two carbons involved in the
covalent formation placed at 16 Å).
Theoretical calculations are carried out using the NWChem

program of the Environmental Molecular Sciences Labora-
tory,69 based on the density functional theory (DFT)
implementation of the exchange-correlation functional B3LYP

(Becke three-parameter exchange functional (B3)70 and the
Lee−Yang−Parr correlation functional (LYP)71) of the Los
Alamos National Laboratory 2-double-z (LanL2DZ) basis
sets.72 The ultrafine grid is used for energy, gradients, and
Hessians.

2.4. Dynamical Approach to Nonequilibrium Molec-
ular Dynamics. To investigate different properties of the
polymer (e.g., gel point, Young modulus) we use the dynamical
approach to nonequilibrium molecular dynamics (D-NEMD)
introduced by Orlandini, Meloni, and Ciccotti.73 The D-NEMD
extends a previous method initially introduced by Ciccotti and
co-workers,74,75 where the initial state is determined by a
macroscopic condition (e.g., isothermal−isobaric equilibrium).
Let us denote Ô(Γ) as a generic observable which is a function of
the point in the phase space Γ = (r,⃗p⃗). In a nonequilibrium
system the expectation value of this observable, O̅(t), is the
ensemble average over the probability density function (PDF)
f(Γ, t) at time t given as

O t O f t( ) ( ) ( , ) d .∫̅ = ̂ Γ Γ Γ
Γ (2)

It is worth to highlight that f(Γ,t) respects the Liouville
equation:

f
t

f t H t iL t f t( , ) ( , ) ( ) ( , )
∂
∂

= −{ Γ ̂ Γ } = − Γ
(3)

where {·,·} denotes the Poisson bracket and L(t) is the Liouville
operator. Usually, the direct evaluation of the PDF, Γ = (r,⃗p⃗), at
time t is extremely difficult to be obtained, apart from simple
cases. On the other hand, we can get around the problem by
using the Onsager−Kubo relation:

O t O S t f t

S t O t f t

( ) ( ) ( ) ( , ) d

( ) ( )( ) ( , ) d ,

0

0

∫
∫

̅ = ̂ Γ * Γ Γ

= ̂ Γ Γ Γ

Γ

Γ (4)

where S(t) is the time-evolution operator of the phases space, Γ,
and S*(t), its adjoint, represents the time-evolution operator of
the PDF. On the other hand, the PDF, f(Γ,t0), at the initial time,
t0, can be easily sampled, since the system is microscopically
determined (e.g., given temperature and pressure). Thus, the eq
4 can be used to compute O̅(t) by an alternative approach.
Precisely, we useN trajectories starting from a set of phase space

Figure 3. (a)Optimized structures (dimer andmonomer) of HDDMA, with the two carbons forming the covalent bond placed at a distance of 16 Å. In
the inset (b), the optimized trimer HDDMA structure is reported.
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points, {Γ0
i }i=1,N, which are distributed over the PDF f(Γ,t0). At

any time t, the time dependent average O̅(t) is assessed as

O t
N

O t( )
1

( ( , )),
i

N
i

1
0∑̅ = ̂ Γ Γ

= (5)

where Ô(Γ(t,Γ0
i )) denotes the value of the observable, Ô,

assumed at time t along the ith trajectory started from the phase
space point, Γ0

i . Note that in the present work we assume that
f(Γ,t0) is the PDF of a system at constant number of atoms,
temperature, and pressure.

3. RESULTS
3.1. Liquid Monomer Properties. To begin, we perform

an NPT 10 ns equilibration of 2250 monomers which
correspond to 40 500 atoms. The initial length of each axis is
set to 200 Å. The last 4 ns of the trajectory is used to estimate the
equilibrium volume V = 1.04973(13) × 106 Å3 and the density ρ
= 0.986(2) g/cm3. The experimental value at 300 K is about
0.995 g/cm3, confirming a good agreement with the numerical
density value (less than 1%). The diffusion coefficient is
obtained by a linear fit of R2(t), through the well-known
expression

R t
N

r t r Dt( )
1

( ) (0) 6 ,
i

N

i i
2

1

2∑= | ̲ − ̲ | =
= (6)

where N is the total number of atoms and r t( )i̲ represents the
position of the ith atom at time t. The resulting value is D = 1.17
× 10−5 cm2/s, which is in good agreement with the value
reported in ref 76 for an hydroxyethyl methacrylate dimer
(about 0.98 × 10−5 cm2/s at 323 K).
To further test the quality of the model, we also calculate the

shear viscosity of the monomers using the D-NEMD
method77−79 (see Section 2.4). We use the SLLOD
method80−82 to simulate a shear flow, with a rate, in the xy
plane, of 1.25 × 1010 s−1. The shear viscosity can be estimated
using the following expression83

lim
t

xy tη
γ

= −
⟨ ⟩

→∞ (7)

where is the virial stress tensor estimator in the x, y direction.
The numerator is assessed at t = 0 by averaging over a number of
initial configurations obtained by sampling an equilibrium NPT
ensemble. Then, each configuration evolves independently for a
time t under a shear rate γ, giving an estimation of the time-
dependent average xy t⟨ ⟩ . Finally, the independent trajectories
are run until a plateau in time of xy t⟨ ⟩ is attained.
We use 200 initial trajectories sampled every 20 ps and

evolved for 250 ps (see Figure 4). The calculated viscosity is 5.9
± 0.1 cPs, in good agreement with experimental results in ref 84,
where a value of 6 cPs is reported.
3.2. Polymerization Characterization. 3.2.1. Activation

Energy. To get insights into the formation of the cross-link, we
compute the activation free energyΔGA (required in eq 1) using
theNEBmethod (see Section 2.3). This is done by considering a
set of different images (in our simulations we have 128 images),
linearly interpolated between the initial configuration (the
optimized trimer) and the final one (the dimer and the
monomer placed at distance equal to 16 Å; see also panels a and
b of Figure 3), relaxed via ab initio calculations. The process lasts
until the energy path matches the minimum energy one in the

potential energy surface (PES), within a given tolerance gap in
the maximum and root-mean-square gradient values.
The PES profile along the relaxed path is shown in Figure 5 as

a function of the distance dC C−•


between the carbon atoms
reacting to form the new covalent bond. Importantly, since a
finer mesh size in the NEB improves the accuracy of the
transition state (TS) description, a second path of images
(whose number has been taken once again equal to 128) is
relaxed among the initial state (the trimer) and the relative
minimum located at 3.45 Å (see Figure 5).Then, using the
potential energy measured at d 16ÅC C =−•



as a zero energy
reference, the activation energy corrected for the zero point
vibrational energy is estimated equal to ΔEA = 11.3 kcal/mol,
whereas the activation energy corrected by the COSMO model
for the solvation correction is equal to ΔEA = 12.1 kcal/mol.
Finally, the activation free energy computed by both solvation
and thermal corrections (see Section 2.32.3) at 400 K is ΔGA =
12.0 kcal/mol.
OnceΔGA is computed, one needs to calculate the probability

coefficient k of the reaction, which is necessary to perform the
identification step in the topological reactive method. Two
different strategies are used. In the first one (reaction model A),
the superimposed structure is controlled at each time step with
the probability coefficient k set equal to 1, while in the second
one (reaction model B), it is checked, once again, at each
integration step but with k computed from eq 1. In both cases an
integration time step of 1 fs is employed. In the model B, since
theΔGA is assessed via ab initio calculations, the pre-exponential
acceleration factor can be interpreted as A = κ[(kBT)/h]
(following the Eyring equation85 of the transition state theory),
where κ is the transmission coefficient equal or lower than 1, kB is
the Boltzmann constant and h is the Planck constant. Assuming
κ = 1, the reaction probability is k ≃ 10−8 per each time step,
making the cross-link formation highly unlikely to occur. If, for
example, two monomers are in the configuration to react, such
probability would be lower than 2% in 1 ns of simulation. Thus,
we conclude that the standard molecular dynamics cannot
sample the polymerization events by the simulation time
commonly reachable by typical computational facilities (e.g., a
few microseconds). In other words, the cross-linking process,
adopting the real ΔGA, is a rare event, so the statistical sampling
of the polymerization process is hindered by the free energy
barrier. To get around the problem, we set the pre-exponential
acceleration factor equal to A = 10 000[(kBT)/h] to accelerate
the cross-link event and observe the polymerization process
numerical simulations. This corresponds to a probability of
about 30% to observe the cross-link event in one picosecond of

Figure 4. Value of η given in eq 7 averaged over 200 trajectories. The
error bars are within the symbols.
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simulation. However, in Sections 3.2.4 and 3.2.3, we will show
that different acceleration factor values do not bias the main
features of the polymer network, such as the gel point and
cyclomatic complexity, confirming the validity of the present
approach in accelerating the dynamics of the cross-linking
formation and, concurrently, preserving the essential features of
the final polymer obtained in the simulations.
3.2.2. Double Bond Conversion.We consider three different

values of initial radical concentration (in the following RC),
equal to 1%, 3% and 5%, at a pressure of 1 atm. Simulations are
stopped when approximately 80% of double bonds are
converted (see Figure 6). A higher bond conversion is hard to
achieve as the mobility of the system slows down dramatically
with curing. For instance, the self-diffusion coefficient computed
by eq 6 on both the unreacted and reacted HDDMA molecules
of the case initial radical concentration 3% as a function of bond
conversion shows a clear decrease, equal to 1.17 × 10−5, 0.38 ×

10−5, 0.16 × 10−5, and 0.11 × 10−5 cm2/s for the bond
conversion values: 0%, 25%, 50%, and 75%, respectively.
Furthermore, the severe self-diffusion limitations provide a
drastic decrease in the rate of chain termination steps (also
referred to as the Trommsdorff effect86), which yields a decrease
in the radical concentration always lower than 5% in all
simulations.
The cutoff distance for the reaction is fixed at 4 Å and checked

at each time step (equal to one femtosecond), in both models A
and B. In model A, we observe a higher frequency of DBC,
particularly at early time steps and for larger concentration of
active monomers. This is the consequence of a reaction
probability to form a new bond much smaller than that in
model B.

3.2.3. Number of Cycles and Cyclomatic Complexity.
Characterizing the topological properties of the polymerization
is essential to gain insights about relevant quantities, such as the
gel point and Young’s modulus. For example, it has been found
that the formation of primary and secondary polymer loops (or
cycles) in the polymeric network may lead to a significant shift
on the gel point toward lower concentrations of active
monomers.87−89 Our simulations suggest that this behavior
holds for HDMMA as well. Thus, the present reactive MD
approach is combined with the graph theory to extract
topological information on the polymer network, contributing
to the vast effort afforded in the past decade to quantify the effect
of the polymer network’s complexity on the gel point and
elasticity.24,40,90−92 In particular, we identify these clusters by
using methods of the graph theory, where each HDDMA
molecule is a node and the bond (connections) between them
are edges of a graph. A cluster is defined as a set of connected
HDDMA molecules (nodes) where, given any pair of nodes in
the same cluster, exists at least one path of connections (edges)
linking the two nodes of the pair. Thus, we use the Deep First
Search (DFS) method.93 The DFS method is able to identify all
the HDDMA molecules belonging to a same cluster, also if they
are not directly connected, and the number of such clusters.

Figure 5. Profile of the PES along the minimum energy path (MEP) projected over the distance dC C−•


between the carbon atoms reacting to the
covalent bond. The red dashed line represents the MEP obtained by the coarse NEB extended up to 16 Å, while the blue continuous one shows the
MEP from the finer NEB, computed up to the local minimum placed at 3.45 Å. Note that the profile of the PES is reported without the COSMO
solvation correction. In the inset, two reacting carbons are drawn at the transition state.

Figure 6. Double bonds conversion (in percentage) for model A as a
function of time for different concentrations. Simulations are run until a
value of ≃80% of DBC is attained. For model B, the DBC is about 10
times slower.
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We use the Python library NetworkX94 to calculate the
number of cycles. Figure 7 shows the number of cycles as a
function of the cycle size (defined as the number of indirectly
connected monomers in a loop) for different values of DBC and
RC. Panels a−c show the results obtained from model A (with
the check frequency equal to 1 fs), while the panels d−f show
those frommodel B. At the initial stage of polymerization (DBC
around 7%, blue lines), the number of large cycles (i.e., those
with more than four monomers) is rather small, and most of the
cycles have size equal to 2. For all RC values under
consideration, we observe that cycles of size larger than 2 are
almost negligible although, as the reaction proceeds (higher
DBC) their number generally increases. However, we observe
that the total number of cycles at low 1% RC is larger than the

total number of cycles for larger concentrations in the initial
stage of the polymerization.
For example, at a DBC of 7% (initial phase of polymerization

process), the total number of cycles is 31, 12, and 11 for 1%, 3%,
and 5% of RC in reaction model A, and 30, 11, and 12 in reaction
model B. Both the models A and B show that the increase in RC
disfavors the formation of loops. On the other hand, we observe
that the final results are almost independent of the reaction
model A and B, used to accelerate the cross-link formation. As
the DBC augments, cycles of larger size appear and the plots
(yellow, green, and red ones in Figure 7) show a similar
behavior, regardless of the RC value.
An intriguing question is whether the decrease in the number

of loops corresponds to an increase of linear polymer chains at
high values of RC. To this purpose, we probe the ratio of the

Figure 7.Number of cycles of a given size at different DBC values reported in the legend (7%, 25%, 50%, and 77%) and RC amounts: (a−c) model A;
(d−f) model B.

Figure 8. Ratio of the number of bonds involved in the formation of cycles to the total number of bonds vs DBC, for different values of RC. In the
legend, the curves labeled only with the initial amount of radicals correspond to the check frequency of 1 fs (model A), while the ones labeled with
“Prob” are obtained with the reaction probability given in Section 3.2.1 (model B).
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number of formed covalent bonds involved in the formation of
cycles to the total number of formed covalent bonds (in both
cycle and linear structures) shown in Figure 8 for different
concentrations and reaction probabilities. The Figure 8 clearly
shows that high values of initial RC suppress the formation of
cycles in favor of linear polymer chains, since the largest part of
the formed covalent bonds are involved in noncyclic structures.
Finally, in the last stage of the polymerization, HDDMA systems
exhibit similar topological properties, regardless of the RC
values, a behavior also observed, for example, in BPA
polymers.41

The percentage of cross-linked monomers (i.e., monomers
with more than two bonds) and the cyclomatic complexity
(indicating the number of elementary cycles not containing
further cycles) are also expected to change during the
polymerization process. Their behavior is shown in Figure 9,

where the cyclomatic complexity is defined as Cyc = B−M + C,
with B being the number of bonds,M the number of monomers,
and C the number of clusters. They monotonically increase as
the reaction proceeds, with negligible differences for RC values.
3.2.4. Gel Point. In this section, we probe the effect of

different values of RC on the gel point. Characterizing the gel
point is fundamental since, at it, the system undergoes a
transition from a fluid toward a solid-like behavior, and the
viscosity abruptly augments. Following the approach introduced
by Torres-Knoop et al.,40 the gel point can be identified by
monitoring the inflection point of the maximum size of the
cluster versus the rate of DBC (Figure 10).
Using the following logistic function
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+
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one has an inflection point located at xgel = b[(c− 1)/(c + 1)]1/c,
where a, b, c, and d are fitting parameters. This represents the
estimate of the rate of DBC at which the gel transition takes
place. The linear term in nmax(x) is included to improve the fit
without modifying the analytical location of the inflection point
xgel (the variance is calculated as that of the random variable xgel
obtained for the 20 independent curves). Hence, the gel point is
obtained by fitting the max size versus DBC curve averaged over
20 independent trajectories within values ranging between 0% to
30% of the DBC. Following the D-NEMD approach77−79

introduced in Section 2.4, the starting configurations for the
independent trajectories have been sampled from an isobaric−
isothermal simulation of the initial monomer liquid at the
equilibrium with 400 K and 1 atm.
We get xgel ≃ {15.8 ± 0.9, 18.9 ± 0.4, 21.2 ± 0.4} for 1%, 3%,

and 5% in reaction model A, and xgel ≃ {16.2 ± 0.3, 21.2 ± 0.4,
22.6 ± 0.3} for 1%, 3%, and 5% in reaction model B. In both the
models A and B, we observe as the high values of RC increase the
DBC of the gel point. Furthermore, the different DBC values of
the gel point stem from the different quantity of linear structures
in the polymer network, whose number increases for larger
values of RC. Indeed, since linear clusters have a higher radius of
gyration, their mobility is lower than cyclic ones, an effect that
limits their rotational degree of freedom providing the shift of
the gel point toward higher values of DBC. Note also that gel
points are systematically shifted toward higher values of DBC in
model B, once again because of the lower number of cycles (thus
higher number of linear structures) in the early stage of
polymerization (see Figure 8).
Inspecting the topological arrangement of clusters of

monomers during the polymerization confirms the previous
results. In the top panel of Figure 11, we show the reactive
monomers with their connectivity at different rates of DBC
(horizontal direction) and RC (vertical direction). At RC equal
to 1% (top panel, top row of images in Figure 11), the latter give
rise at a unique giant cluster at 16% of DBC, a result in

Figure 9. (a) Percentage of cross-linked monomers (monomer with
more than two bonds) at different DBC and RC in model A. (b)
Cyclomatic complexity at different DBC and RC in model A.

Figure 10.Maximum size of the cluster vs DBC, for three values of RC,
in model A (a) and in model B (b), respectively.
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agreement with a gel point located at xgel ≃ 16. At RC equal to
3% (top panel, middle row of images in Figure 11), clusters of
monomers are still present at 16% of DBC, while a large
aggregate emerges only at 19%, thus basically confirming that xgel
≃ 19. Finally at RC 5% (top panel, bottom row in Figure 11), a
giant cluster appears around 22% of rate of DBC, whereas for
lower values the polymerization exhibits only separated groups
of monomers. These results, in agreement with recent
studies,40,95 indicate that the atomistic model used in our
simulations provides an accurate description of the microscopic
physics of the photopolymerization for both of the reaction
models A and B.
3.3. Final States Characterization. 3.3.1. Volume Shrink-

age. The volume shrinkage stems mainly from the formation of
the new covalent bonds occurring along the polymerization
process. Further, the different packing efficiency in the
monomer liquid and the final polymer state provides a relevant
change in the free volume of each HDDMA molecule. The
volume shrinkage was assessed on the volume difference
averaged over a MD simulation of 5 ns of the two systems, the
monomer liquid state and the final polymer with DBC equal to
80% at 400 K and initial RC equal to 3%. The resulting volume
shrinkage is equal to 19 ± 0.25%. As a reference value, we
highlight that for the similar diacrylate HDDA the volume
shrinkage was experimentally measured by reflective laser

scanning in the work by Ji et al.96 at the different temperature
of 293 K resulting in 16 ± 0.5%.
Further, to characterize the volume difference of the final state

of the polymer as a function of the RC value, we run 2 ns of
simulation at 1 atm and 400 K, for each RC, starting from the
configurations obtained after reaching the desired DBC (larger
than 80%). Then, the equilibrated simulations are analyzed to
compute the average volumes. The results show that, as
expected, increasing values of RC generally leads to a decrease
in the volume (Figure 12), although the effect is mild. The effect
stems likely from the higher quantity of linear structures in the
systems with higher initial RC.

3.3.2. Young’s Modulus. The elastic properties of the
polymerized material can be inspected by monitoring Young’s
modulus, computed at 80% of DBC. This is done using the D-
NEMD method (see Section 2.4) where the time-dependent
average virial tensor is computed during uniaxial extension of the
simulation box77

S t t( ) ( )xx t xx 0⟨ ⟩ = ⟨ [Γ ]⟩ (9)

Here S(t) is the time-evolution operator of an expanding system,
whose length has the following time dependence

L t L t( ) (1 )x 0= + ϵ̇ (10)

with ϵ̇ denoting the strain rate fixed at 109 s−1. The values of
t( )xx 0[Γ ] in eq 9 are sampled from an isobaric isothermal

simulation of the final polymer at the equilibriumwith 400K and
1 atm, in order to extract independent configuration belonging
to the initial phase space,Γ, distribution at time t0. Also, in theD-
NEMD simulations the time-evolution operator S(t) corre-
sponds to the non-Hamiltonian equations of motion of the
isothermal−isobaric Nose−́Hoover thermostat,52 fixed at 1 atm
and 400 K along the y and z directions during the strain
deformation, while the side along the x axis follows eq 10. In our
work, the virial stress in function of the strain ϵ(t) = (Lx(t) −
L0)/L0 is averaged over 100 trajectories, each one started from
an initial independent configuration.
In panel a) of Figure 13, we show xx t⟨ ⟩ as a function of ϵ(t),

for different values of initial RC. In this stress−strain plots, three
regimes can be distinguished: (i) the elastic linear regime for
strain values raging from 0 to 5%, (ii) the softening regime for
strain values going from 5% to 30%, and finally (iii) the
hardening regime for higher values of strain rates. Similar curves
have been also obtained in experiments and simulations of other
polymer systems, such as polybutadiene and polystyrene.97,98

Figure 11. Top panel: Graphical representation of the reacted
monomers at different DBC and initial values of RC. Here, the colors
indicate the number of connections for each monomer (node of the
graph). Bottom panel: The polymerized structure is shown (for the case
at RC equal to 3%), at different stages of DBC, indicated in each
subpanel.

Figure 12. Final volume of the systems equilibrated for 2 ns at 80% of
DBC, vs different values of RC.
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Young’s modulus, shown in panel b of Figure 13, can be
computed from the angular coefficient of the line fitting the
curve within the elastic, linear regime. It is found to range
between 3.9 and 4.1 GPa for different values of RC, while
experimental values around 3.1 and 4.1 GPa were found for
similar systems such as bisGMA and TEGDMA polymers,
respectively.99

3.3.3. Degree of Heterogeneity. We finally calculate the
degree of heterogeneityH for the cured systems as defined in100

H
Mh

P k
1

1 ( )
het k

k
2

2
2

min

max

∑= [ − ]
(11)

whereM is the number of monomers, kmin and kmax, respectively
the minimum and maximum degree of cross-link bonds (equal
to 1 and 4, respectively), and hhet

2 is a normalization constant.100

H is zero for a network having all monomers with the same

number of links (connections) (P(k) is not zero for only one
value of k) and has a unity value for a uniform distribution of
P(k).100 In other words, a polymeric network having all the
HDMMA molecules bonded to four HDMMA molecules
provides the degree of heterogeneity equal to zero. A value of
H of about 0.034 was obtained for our systems, indicating very
low heterogeneity of the degrees in the final states. In Figure 14
we show the probability P(k) to have a monomer with a given
degree k in the polymerized systems, at 80% of DBC. The plots
obtained with different RC values exhibit a very similar behavior,
except for a small monotonic increase of P(3) and decrease of
P(2) for increasing RC. It is worth highlighting that HDDMA
molecules of degrees 1 and 3 contain a radical site since the
radical reaction shifts a radical site on themolecule. On the other
hand, HDDMA molecules of degrees 2 and 4 do not contain a
radical site as the second or fourth reaction moves the radical on
the adjacent molecule. For the sake of completeness, we also
measure the probability that an HDDMA molecule of degree 2
contains at the same time two radical sites which is indeed
extremely low (less than 1%). Consequently, the increase in the
probability of degrees 1 and 3 for the case 5% of RC stems likely
from the larger presence of radical sites, fostering the probability
of observing an HDDMAmolecule containing a radical site with
degrees 1 and 3.

4. CONCLUSIONS

In this work, the reactive classical molecular dynamics has been
combined with ab initio calculations and successfully used to
study the photopolymerization of the prototypical compound,
HDDMA. Also, by the D-NEMD method, our simulations
predict the values of many quantities relevant to photopolymers,
such as viscosity, gel point, and Young’s modulus, and essential
topological features, like chains and polymer cycles observed
during curing. The ab initio calculations at the density functional
theory level allow for the evaluation of the activation energy
necessary to add an HDDMA monomer to a radical HDMMA
dimer, showing as the large free energy barrier hinders the
probing of the real dynamics in the cross-linking process. Thus,
we showed that alternative accelerating strategies (reaction
models A and B) could be pursued to provide insights into the
process without biasing the features of final polymers.
Furthermore, by varying the concentration of radicals, we

monitor the dynamics of linear chains and loops of polymers and
find that the latter are generally penalized in systems with a high
initial RC of reactive monomers. In this regime, the gel point is

Figure 13. (a) Stress−strain curves for the final polymerized systems
starting from different initial values of RC. (b) Youngmodulus obtained
by fitting the linear part of the stress−strain curves for small strain
values (0−5%).

Figure 14. Probability to have amonomer with a given degree of heterogeneity in the polymerized systems, at 80% ofDBC for the three different values
of RC.
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found to occur at high values of rate of DBC, i.e., at a relatively
late stage of the reaction. On the contrary, gelification is
anticipated if the concentration of reactants diminishes. The
graph theory was used to analyze the loop formation during the
polymerization. In this framework, the topological inspection
from modeling studies could also be used to elucidate in future
works as the size loop is biased from the rigidity of the monomer
segments in the polymeric network. Finally, our model captures
the volume shrinkage observed at the final state of the
polymerization and, from the stress−strain curve, a value of
Young’s modulus of approximately 4 GPa, not far from that
found in analogous polymer mixtures.
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