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Abstract Based on the preparative experiments of the light-emitting diode (LED) encapsulant, three types of monomer models with
different functional groups are carried out to study the polymerization process by dynamic Monte Carlo (DMC) simulation and bond
fluctuation model (BFM). We calculate the degree of polymerization, the radius of gyration and the frequency of void spheres to discuss
the polymerization process, the molecular size and the spatial distribution at different volume fractions and proportions. Our results are in
agreement with Grest’s decay rate and Flory’s scale law. Simulations show that the polymerization process depends on the appropriate
volume fraction and proportion exceedingly, and the volume contraction in the polymerization process can also be observed in this study.
These investigations could provide some insights into the understanding of the polymerization process of the encapsulant and help us to

adjust the parameters in later experiments.

Keywords Dynamic Monte Carlo (DMC) simulation; Bond fluctuation model (BFM); LED encapsulant

Citation: Chen, J.; Xiang, J. H. Dynamic Monte Carlo simulation on polymerization of encapsulant. Chinese J. Polym. Sci. 2019, 37, 157-163.

INTRODUCTION

With the development of luminescent material and its
preparation technology, light-emitting diode (LED) has a
great potential to be the most effective solid-state lighting
device for the requirement of energy-saving. It is currently
under intense studies due to its promising traits that are not
achievable with conventional light sources such as incan-
descent bulbs and fluorescent lamps. LED has the most
outstanding features of high efficiency coupled with a long
lifetime and the use of eco-friendly materials.l'"* In general,
a LED lighting device is assembled with a LED chip pack-
aged on a reflector cup with wires and heat sinks, which are
all encased in an encapsulant with phosphors. The
encapsulant plays a critical role in protecting the LED chip
from external environmental conditions (such as water,
oxygen, ultraviolet light or physical stress). A qualified LED
encapsulant should have two basic features, a high refractive
index for improving light transmission from LED chip and a
sufficiently high thermal stability without yellowing during a
long-term operation.®"71 The materials used for LED
encapsulants are conventionally thermosetting epoxy resins,
polyurethane resins, and silicone-based materials.[®] Ther-
mosetting epoxy resins generally have excellent optical
transparency in the visible range and low gas permeability,
but also have low refractive index. More importantly, they
cannot maintain their transparency at the high operating
temperature of LED and will undergo heat-induced yello-
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wing '] Polyurethane resins can resist the heat, but it can

be toxic to humans. To address this issue, silicone encap-
sulants are used as a LED encapsulant due to their excellent
thermal stability and optical clarity.l'”] Many researchers are
devoted to the research and development of high quality
silicone encapsulants for diverse conditions.['>"13]

Though there are many great achievements on the prepara-
tion of the encapsulant, the current theory can not explain the
formation process and network structure of the encapsulant
ideally. It is very difficult to understand the internal struc-
ture through experiments directly, whereas the molecular ar-
chitecture of polymer networks strongly influences their
physical and chemical behaviors. Therefore, computer simu-
lation methods play an important role on solving this prob-
lem, and Monte Carlo (MC) simulation is exactly one of the
effective methods and widely used for polymers.[167181 Al-
though MC methods are usually employed to obtain the equi-
librium properties of systems, they can also be used to study
dynamical systems, and their use has been extended to the
study of time-dependent properties.l19-21]

Consequently, based on the discussion above, we build the
monomer models to simulate the polymerization process in
this research. These investigations may provide some in-
sights into the understanding of the polymerization process
of the encapsulant, which could help us to update the para-
meters in the next experiments.

MODEL AND METHOD

Model
The polymer chains are studied using the coarse-grained

WWW.Cjps.org
link.springer.com


https://doi.org/10.1007/s10118-019-2176-5
http://www.cjps.org
http://link.springer.com

158 Chen, J. and Xiang, J. H./ Chinese J. Polym. Sci. 2019, 37, 157-163

bond fluctuation model (BFM) in three-dimensions on a
simple cubic lattice,?> 41 which has been widely used in
recent years to investigate the structure and dynamics of a
great variety of polymer systems.[2>-2¢]

The polymer is modeled as a self-avoiding walk on a lat-
tice. Each bead in the model occupies a 23 cube of sites on a
cubic lattice,[?’] and it is connected to another by a predeter-
mined set of bond vectors. Next neighbors along the chain
must be within a certain bond distance, so that the chain can-
not cross itself. The bond vectors are built through all pos-
sible permutations and sign inversions of the following vec-
tor families:

B = P(2,0,0)UP(2,1,0)UP(2,1,1)UP(3,0,0) O
UP(3,1,0)UP(2,2,1)

where P(a,b,c) represents the set of all permutations and
sign combinations of (+a,+b,+c). The total number of
possible configurations per bond is 108 as opposed to six for
the simple cubic lattice; two consecutive bonds in BFM can
take 87 different bond angles(®’] as opposed to two (0°,90°)
for the simple cubic lattice. And note that the bond length
between two consecutive beads can take five different
values: 2, V5, V6, 3, and V10. Even though BFM is a lattice-
based model, it does not suffer from the very discrete nature
of the simple self-avoiding walk on a cubic lattice, whilst
retaining the cheap overlap test characteristic of a lattice
model. The set B is chosen to satisfy the constraints of both
excluded volume between monomers and topological
entanglement between chains. Only one monomer is
permitted to occupy the same site and the entanglement
constraint denies two chains to pass through each other for
the excluded volume constraint.

Recently, phenyl-functionalized high refractive index
silicone encapsulants have been reported.[13-15] We also
develop a kind of polysiloxane that can be used as LED en-
capsulant. In our experiments, methyl phenyl vinyl poly-
siloxane is synthesized by the hydrolysis and polycondensa-
tion reaction. The main raw materials are composed of
phenyltrimethoxysilane, diphenyldimethoxysilane and 1,3-
divinyltetramethyldisiloxane. Diphenyldimethoxysilane has
two active functional groups, phenyltrimethoxysilane has
three active functional groups, and 1,3-divinyltetramethyldis-
iloxane is the capping agent. According to our own prepara-
tion reaction, we set three initial monomer models (seen in
Fig. 1), named type A, B, and C, respectively. One initial
monomer model that has a star-shaped structure consists of
five beads and four bonds. Type A has bifunctional groups,
type B has trifunctional groups, and type C has monofunc-
tional group.

The initial monomer models are placed in a cubic box un-
der periodic boundary conditions at several volume fractions:
¢ =0.1,0.2, 0.3, 0.4, 0.5. The volume fraction of system is
defined as:

_ (Na+ Ny +N)x5%x23 @
B LxXLXL

where L is the length of cubic side, N,, N, and N, is the
number of type A, B and C monomers, respectively. We fix

O £|> HC=CH,

H,C—0—Si—0—CH; H,C—0—Si—0—CH; H,C—Si—OH
(6] CH;,
i
€ ~ € P . P
® ¥V o ¢ o ¥
(a) (b) (c)
Fig.1 Example diagrams of the monomer models: (a) bifunctional

monomer, (b) trifunctional monomer, (¢) monofunctional monomer
(One gray bead represents one functional group.)

the cubic size with L = 60 and adjust the chain number to
change the volume fraction or proportion in this research.

Method

The dynamic Monte Carlo method is widely used for
modeling the dynamic behaviors of molecules, such as
a reaction or diffusion.[?”-?81 No matter polymerization occurs
or not, the system should be first relaxed and self-diffuse
under athermal conditions. In DMC simulation, only one
type of move needs to be considered, namely the random
jump of one bead in a randomly chosen lattice direction by
single lattice spacing. The trial is accepted only if both the
excluded volume and the bond length constraints remain
unviolated. A Monte Carlo step (MCS) is defined as the
number of successful attempts for each bead SNa + 5Ny + SNc
to be chosen once on average. The snapshots of the relaxtion
process are illustrated in Fig. 2.

© @
Fig. 2 Snapshots of relaxation process at ¢ = 0.1, a dot represents
a monomer model (a) MCS = 0, (b) MCS = 50, (c) MCS = 500, (d)
MCS = 5000.
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After sufficient relaxtion movements (MCS = 10000), an
equilibrium state can be achieved as the initial states in the
forthcoming simulation. We assume a polymerization reac-
tion in this simulation, that a monomer could connect to an-
other one by the interactions between two functional groups.
In DMC simulation, when an unreacted bead is selected ran-
domly, and it approaches another unreacted bead, a reaction
always takes place between those beads, creating a new bond
while it does not violate the excluded volume constraint and
the allowed range of bond length either. But the reaction
between two functional groups in the same monomer is not
allowed here to avoid the ring structure. Furthermore, all
kinds of systems evolve 100 times independently to count
the ensemble average. Each evolutionary possesses
10000MCS, and the data are recorded per 200MCS.

RESULTS AND DISCUSSION

Polymerization Process

The focus of this study is on the differences in the evolution
process at different volume fractions, varied from 0.1 to 0.5.
To investigate the polymerization process of system growth,
we calculate the fraction of unreacted beads from the new
bonds formed as well as those at the end of reaction. The
results with monomer proportion Na:No:Nc = 1:1:1 are shown
in Fig. 3. We find that the polymerization process,
represented by slopes of decay, all proceeds fast as MCS
increases. Grest et al. have suggested that the decay rate of
the free beads in stoichiometric composition is extremely
slow, with the power law behavior in time: ¢ * with
a~0.5.21 However, for a nonstoichiometric system, the
decay is significantly faster.?’! According to the kinetic
interpretation based upon the master equation in statistics
physics,[*!] the MC sampling process reflects the kinetics of
the underlying physics, namely, the number of MCS is
linearly proportional to the physical time. The results in
Fig. 3 show the similar power law behavior. But the observed
exponents are slightly higher than 0.5 at the larger volume
fraction, which may be attributed to many short chains in this

10°F

Fraction of unreacted beads
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Fig. 3 Double logarithmic plots of the fraction of unreacted beads
as a function of MCS at different volume fractions. The dash line is
the slope of MCS“* with a = 0.5.

condition. Furthermore, in a certain volume, the probability
of bonding could be higher with the number of monomers
increasing, therefore the decay trend of the curves is more
significant at larger volume fraction.

Fig. 4 shows the number-average degree of polymeriza-
tion as a function of MCS at different volume fractions. The
increase in the number-average degree of polymerization as
the reaction progresses represents growth of polymer system
directly, and this conclusion has been shown in Fig. 3 above.
But we can find that there is a distinctive difference at large
volume fraction in Fig. 4. In the case of ¢ = 0.5, the system
form polymers more rapidly than all the others at the begin-
ning of the reaction progresses, but when MCS is larger than
1000 approximately, the value of the curve with ¢ =0.5 is
smaller than the case of ¢ = 0.3. Similar result could be ob-
served in the curves with ¢ = 0.4 and ¢ = 0.3 while the inter-
section appears in about MCS = 8000.
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Fig. 4 Number-average degree of polymerization as a function of
MCS at different volume fractions

In conclusion, the fundamental difference in polymeriza-
tion progress is attributed to the volume fraction greatly. On
the one hand, larger volume fraction means more initial
monomers so that an unreacted functional group is more
likely to meet another one. On the other hand, with the evol-
ution processing, larger volume fraction blocks the diffusion
of chains, which could slow down the polymerization reac-
tion. Therefore, only an appropriate volume fraction can ac-
celerate the polymerization progress in the specific experi-
ments.

Molecular Size
As one of the basal parameters, root-mean-square radius of
gyration under different conditions is shown in Figs. 5 and 6,
respectively. The molecular sizes all increase with the
polymerization process of systems, but the system with the
large volume fraction grows rapidly in the initial polymeri-
zation stage while slowly in the late stage from Fig. 5. This
result is consistent with the discussion in above section
because of the diffusion of the chains.

According to the scaling theory of Flory,[32! considering a
dilute solution of polymer coil in a good solvent, the radius

https://doi.org/10.1007/s10118-019-2176-5
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Fig. 5 Double logarithmic plots of the root-mean-square gyration
radius as a function of MCS at different volume fractions
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Fig. 6 Double logarithmic plots of the root-mean-square gyration
radius as a function of the average degree of polymerization at
different volume fractions. The small figure is the linear fitting for
0 =0.5.

of gyration of one coil R, depends on the degree of polymer-
ization N, Ry oc NV. Similar results can be found in the late
stage of polymerization from Fig. 6. At the initiation of poly-
merization reaction, there are many small monomers in the
system and these monomers create the short coils firstly.
With the evolution of polymerization reaction, these short
coils form long polymer chains. We can find that in the late
stage of polymerization, the double logarithmic plots of
gyration radius and the average degree of polymerization
obey the linear relation. Moreover, it is more obvious for the
large volume fraction because the scaling law is better fit for
the large number of chains. We fit the data (¢ = 0.5) to a lin-
ear line and add a small diagram to show this conclusion in
Fig. 6.

Spatial Distribution

To study and evaluate a broad scale of the polymer network
structure and its homogeneity, we use the void spatial
distribution of the entire network to analyze its spatial
homogeneity. A position is first selected randomly in the
system as the center of sphere. The radius of the sphere is

gradually enlarged, keeping its center fixed, until the sphere
contacts any beads. Once the sphere contacts any beads, the
radius is saved, and this procedure is repeated over 10000
times. We calculate the average of spherical radius as a
function of reaction time (MCS), and the result is shown in
Fig. 7. We can get the conclusion that large volume fraction
means more monomers and the corresponding spherical
radius is small, which makes the system seems more
‘crowded’. And with the time increasing, the spherical spaces
all increase slightly and synchronously at different condi-
tions. Based on BFM, the bead movement must be subjected
to the excluded volume and bond length constraint, when
many ‘free’ functional groups are bound to the others with
the ever-increasing bonds and the distances between the
functional groups become shorter. In fact, most of the
polymer systems will shrink in volume during polymeri-
zation. The main reason could be that the monomer
molecules are originally tied to each other by van der Waals’
force but these interactions change to chemical bonds
(covalent bonds) because of polymerization. It is obvious
that the covalent bond distance is less than the van der
Waals’ force distance, which leads to the volume contraction
in the polymerization process inevitably.
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Fig. 7 Average of the void spherical radius as a function of MCS
at different volume fractions

We also analyze the statistical dependence of the frequ-
ency of void sphere size on its radius, as shown in Fig. 8.
Overall, the probability of too large or too small spheres is
relatively low, and the radius is mainly concentrated near 2.
The distributions of systems with large volume fraction have
sharper peaks than those with small volume fraction, indicat-
ing that the systems with large volume fraction have spa-
tially homogeneous network on a wide scale, while the sys-
tems with small volume fraction have large voids where a
sphere of the same size could be placed. According to the
normalization principle, curves with a smaller range have
sharper peaks correspondingly, and these peaks will move to
the small scale with the volume fraction increasing. We con-
sider that when the number of initial monomers is small, the
systems first form many small coils during the polymeriza-
tion process simultaneously. These small coils grow radially

https://doi.org/10.1007/s10118-019-2176-5
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Fig. 8 Frequency of void sphere in the system (MCS = 10000) as a function of radius at different volume fractions (a) 0.1,

(b) 0.2, (c) 0.3, (d) 0.4, () 0.5

with numerous initial monomers respectively and then take
part in coil-coil aggregation to form complicated network
structure when their sizes become large enough. At that
point, the final network structures develop with large-scale
inhomogeneity. When the number of the initial monomers is
large enough, small coils transform into the network rapidly
because of the excluded volume and the ‘stiff’ bond length
constraints. We can get the conclusion that the systems at
small volume fractions have the structures with many voids
while the systems at large volume fractions form more ho-
mogeneous network with few voids. Furthermore, based on
BFM, since the bond length is only divided into several dis-
crete values, the frequency of the curves at larger volume
fraction fluctuates more significantly.

Component Proportion

In practice, the polymers are required to possess various
physical and chemical properties for multifarious condition.
For example, the encapsulant must have high transmittance,
high refractive index, good heat resistance, high thermal
conductivity, high mechanical strength and chemical
stability. And these properties are closely related to the
network structure of the polymers. Thereupon, various
proportions of the three initial monomers are listed here to
form different structures. We select the system at the volume
fraction 0.3, fix proportion of type A, and then change that of
type B or C. The related curves with solid and hollow
squares are drawn in Figs. 9 and 10. Similarly, the curves
with circles and triangles represent the cases of fixed
proportions of type B and C, respectively. As comparison,
the results in above section (N,:Np:Ne = 1:1:1=2:2:2) are

also shown in the same figures with stars. It is meaningful
that all data are almost overlapped in Fig. 9, which shows the
polymerization process is seemingly independent of the
proportions of three initial monomers. In contrast, there is a
significant difference between the curves in Fig. 10. When
the proportion of type B is high, the systems have lesser
number of chains as can be found in the curves with hollow
squares or triangles in Fig. 10. The reason may be that this
type B have trifunctional beads, which tend to generate the
radially complicated three-dimensional network system. But
if we increase the proportion of type C, seen in the curves
with solid squares or circles, the number of chains is larger

10°

Fraction of unreacted chain beads

1 1
10° 10

MCS

1
10?

Fig. 9 Double logarithmic plots of the fraction of unreacted chain
beads as a function of MCS at different proportions
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Fig. 10 Double logarithmic plots of the fraction of chains number
as a function of MCS at different proportions

than the others. When any functional bead in type A or B is
bonded to the functional beads in type C, the chain will stop
growing and it leads to the formation of many short chains in
the system. In the actual experiment, single functional group
compounds are always added to eliminate the activity of end
group, and type C monomers just act as the capping agents in
our simulation. Overall, type B tends to construct a big
crosslinking system while type C wants to stop this network
growth. And type A connects to these two extremes, which
can be added to generate more multifarious structures.

CONCLUSIONS

In this study, we use the dynamic Monte Carlo (DMC)
simulation and bond fluctuation model (BFM) to discuss the
polymerization process of three kinds of monomers with
different functional groups. Our results are in agreement with
Grest’s decay rate r~* and Flory’s scale law Rg oc N¥, which
shows the method and the model are suited to the
polymerization process. We calculate different parameters to
study the influence of the volume fraction and the proportion
for system structure. And the volume contraction in the
polymerization process can also be observed in this simu-
lation. These investigations could provide some insights into
the understanding of the polymerization process of encap-
sulant and help us to adjust the volume fractions or
proportions in the following experiments to produce diverse
products for different operation circumstances. In addition,
we will improve the system to bring it closer to the real
polymer chain, and the mechanical and optical properties
should be discussed to compare with the experimental data in
the future.
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