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Swelling Behaviors of Natural Rubber/Solvent Systems
Based on the Extended Modified Double Lattice Model

Sung Jin Pai, Eung Jun Kang, Won Min Ahn, Jae Sung Kim, Young Chan Bae,*
Ji Won Kwon, and Jeong Seok Oh

Swelling experiments are conducted on nonfiller natural rubber using four
solvents (toluene, cyclohexane, tetrahydrofuran (THF), and methylethylketone
(MEK)) over temperatures from 10 to 70 °C. Toluene, cyclohexane, and THF,
classified as effective solvents, show swelling ratios between 3 and 7,
influenced by the crosslink density of the rubber. MEK, however, has a lower
ratio of 1.5 to 2. Temperature has a minor impact on swelling compared to the
crosslink density. The study evaluates the Extended Modified Double Lattice
(EMDL) model for its mixing contribution in polymer network swelling,
aiming to improve the Flory–Hüggins (FH) model. The superiority of EMDL
above FH is in the boundary condition at the unvulcanized state, the former
aligning its interaction energy with values from solvent activities in primary
linear polymer/solvent solutions, unlike the FH model. The EMDL model also
accounts for oriented interactions in polar solvents through a secondary
lattice, linking specific interaction energy with solvent dipole moments. The
study observes a nonlinear correlation between crosslinking density and
sulfur amount, proposing a nonrandom mixing at lower sulfur concentrations.
This model shows strong alignment with experimental data, suggesting that
replacing the FH model’s mixing contribution with the EMDL model could
improve results with minimal additional complexity.
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1. Introduction

Natural rubber (NR), renowned for its ex-
ceptional elasticity, resilience, and versatil-
ity, is extensively utilized across various in-
dustries. It plays a critical role in the auto-
motive sector as an essential component in
tire manufacturing, enhancing safe and ef-
ficient road traction.[1] NR is also integral in
producing automotive parts like seals, gas-
kets, and suspension components, which
are key in vibration dampening.[2] In con-
sumer goods, its application in shoe soles
underscores its importance in providing
comfort and durability.[3] Its adhesive qual-
ities are indispensable in the construction
and woodworking industries for securely
bonding materials.[4] The medical field
leverages NR in the production of hypoal-
lergenic gloves and tubing, highlighting its
widespread utility.[5] NR’s unique proper-
ties contribute significantly to the manu-
facturing of industrial machinery, sports
equipment, and toys, underscoring its in-
dispensability in modern industry.

However, the NR industry is grappling
with significant environmental challenges

due to its expansion and cultivation practices. Deforestation, es-
pecially in tropical regions where rubber plantations are preva-
lent, is a primary concern. This leads to habitat loss, biodiversity
degradation, and ecosystem disruptions.[6] The use of pesticides
and fertilizers in rubber cultivation poses risks of soil and wa-
ter pollution, affecting both the environment and local commu-
nities. Furthermore, climate change exacerbates these issues by
impacting rubber yields and stressing ecosystems.[7] As NR de-
mand grows, the industry faces the crucial challenge of adopt-
ing sustainable cultivation practices to minimize deforestation,
reduce chemical use, and mitigate environmental impacts.

The phase diagram of NR offers potential solutions to these
environmental challenges. Understanding how temperature and
pressure influence NR’s behavior enables optimization of pro-
cessing conditions, reducing energy consumption, and environ-
mental impacts. For instance, precise control over vulcaniza-
tion temperatures enhances product quality while conserving en-
ergy and lowering greenhouse gas emissions.[8] Additionally, the
phase diagram provides insights for developing eco-friendly al-
ternatives, such as bio-based rubber or recycling methods, by
identifying optimal conditions for these processes.[9] Thus, the
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phase diagram of NR is pivotal in promoting sustainable prac-
tices within the rubber industry, mitigating environmental is-
sues, and contributing to a greener future.

Rubber swelling experiments, analyzed through thermody-
namics, provide essential insights into the interaction between
rubber materials and solvents. These experiments aid in select-
ing rubber compounds that are thermodynamically compatible
with specific applications, ensuring resistance to swelling and
degradation.[10] Furthermore, thermodynamics facilitates the de-
velopment of new rubber materials with enhanced swelling re-
sistance, enabling the manipulation of properties to the desired
thermodynamic states. These experiments also predict the long-
term performance of rubber materials by assessing Gibbs free en-
ergy changes during swelling, offering insights into the system’s
thermodynamic stability. Leveraging thermodynamics in rubber
swelling experiments allows manufacturers to optimize material
use, reduce costs, and minimize environmental impacts, align-
ing with sustainability and efficiency principles in material sci-
ence and engineering.[11]

Since Flory–Rehner proposed the additivity of mixing and
elastic contributions in free energy for swelling networks, the
research was focused on each contribution.[12–19] The elastic
contribution describes the network’s structure, while the mixing
contribution elucidates chemical effects between polymers
and other components. The Flory–Hüggins (FH) equation, a
fundamental thermodynamic model in polymer science, offers
valuable insights into NR’s behavior. This equation clarifies
interactions between polymer chains and solvent molecules,
especially relevant in understanding NR’s swelling behavior.[20]

By analyzing the FH model parameters, researchers can predict
how rubber responds to different environmental conditions, aid-
ing in designing products with desired properties like elasticity
and chemical resistance. Additionally, the FH equation guides
sustainable rubber material development by optimizing solvent
systems and reducing environmental impacts during process-
ing. Thus, the FH model is instrumental in tailoring NR’s
behavior and properties, contributing to practical applications
and environmental advancements in the rubber industry.

However, the FH model has limitations in phase diagram ap-
plications for rubber, particularly due to its assumption of ideal
polymer–solvent mixing. Rubber compounds often consist of
complex blends, challenging accurate phase behavior predictions
based solely on the FH equation. The equation’s simplicity may
lead to inaccuracies in nonideal systems, such as those involving
NR and certain solvents or fillers.[21] Advanced models and ex-
perimental data are often necessary to fully understand the rub-
ber phase diagram, indicating that while the FH model is a use-
ful starting point, it should be complemented with additional re-
search and modeling.

The Modified Double Lattice (MDL) model, proposed by Bae
et al.,[22–24] is an advanced lattice-based model designed for study-
ing polymer solutions, including rubber blends. This model,
modifying the double lattice model of Hu et al.,[25] incorporates
complex interactions like hydrogen bonding, making it valuable
in understanding phase behavior in rubber blends with vari-
ous interactions. It captures effects like chain length, molecular
weight distribution, and solvent quality on phase separation, key
factors in optimizing rubber blends.[26]

This work engages in experimental efforts in NR swelling with
various solvents and analyzes the results from a thermodynamic
perspective. It examines the mixing contribution in the Flory–
Rehner hypothesis by comparing the traditional FH model with
the MDL model. The analysis focuses on the shortcomings of
the FH model and how the MDL model addresses these, par-
ticularly in solution limits and specific interactions in polar sol-
vents. Besides model evaluation, this work examines network
structure (specifically, the crosslink density) relative to sulfur
amount. Experimental data reveals a breakdown in the linear
correlation between crosslink density and sulfur amount at low
concentrations, assumed to be due to nonrandom sulfur particle
mixing. This effect is theoretically considered by introducing a
logarithmic correlation for the crosslink density and a nonran-
domness factor in the interaction energy domain. Finally, discus-
sions on the chemical effects beyond energy value comparison of-
fer insights for further improving the MDL model in the rubber
industry.

2. Experimental Section

2.1. Materials

Commercial grade Standard Philippine Rubber (SPR 20), a type
of NR commonly used in the rubber industry, was employed
as the primary material. Zinc oxide (ZnO), stearic acid (StH),
and sulfur were sourced from Sigma Aldrich Co. and utilized
in the compounding process. Prior to compounding, all ingre-
dients were examined for moisture absorption, ensuring mini-
mal impact on their use. Solvents such as toluene, cyclohexane,
tetrahydrofuran (THF), and methyl ethyl ketone (MEK), also ob-
tained from Sigma Aldrich Co., were employed for determining
swelling ratios. Detailed information about the chemicals is pro-
vided in Table S1 (Supporting Information).

2.2. Sample Preparation

The fabrication of rubber composites involved a two-step process.
Initially, NR, ZnO, StH, and processed oil were combined using
a Banbury Mixer (BR-1600, FARREL). Subsequently, an accelera-
tor and sulfur were incorporated into the mixture using a two-
roll mill. The compounded rubber, shaped into sheets via the
two-roll mill, was analyzed for vulcanization characteristics us-
ing a Monsanto rheometer (MDR-2000). The vulcanization pro-
cess involved heating and pressing the rubber composite in a hot
press (Samchang ENG) for a predetermined duration, facilitat-
ing crosslinking between the rubber molecules and vulcanizer.
This process ensured the complete integration of sulfur and rub-
ber molecules, thereby stabilizing the inherent properties of the
composite. The vulcanization time was determined based on the
rheometer graph’s peak for each formulation at 155 °C. Rheome-
ter settings were maintained at a constant oscillation angle of
1 arc and a frequency of 1.7 Hz. The compositions and den-
sities of the samples are listed in Table 1 by grouping accord-
ing to accelerator to sulfur ratio[27]: (EV, 1:0.6–1.0), semi-efficient
(s-EV, 1:0.7–2.5) and conventional (CV, 1:2.5–12) vulcanization
systems.
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Table 1. Sample composition and density.

Sample Vulcanization NR ZnO StH Oil CBS S Density

groupa) [g] [phr]b) [phr] [phr] [phr] [phr] [g cm–3]

S1 EV 100 5 3 4 1 0.5 0.955

S2 s-EV 100 5 3 4 1 1.0 0.956

S3 s-EV 100 5 3 4 1 1.5 0.957

S4 CV 100 5 3 4 1 2.0 0.964

S5 CV 100 5 3 4 1 3.0 0.965

S6 CV 100 5 3 4 1 4.0 0.965
a)

EV: efficient vulcanization; s-EV: semi-efficient vulcanization; CV: conventional vul-
canization;

b)
phr: parts per hundred of rubber.

2.3. Swelling Experiments

For swelling ratio assessments, vulcanized rubber sheets (2 mm
thick) were cut into 20 mm × 5 mm pieces. These samples were
then dried in a vacuum oven at 60 °C for 24 h to eliminate in-
ternal moisture and gases, preserving the material’s integrity.
To prevent aging from external factors like light and heat, the
dried samples were stored at 0 °C. Prior to testing, the specimens
were acclimatized to room temperature for over 4 h. Swelling
measurements, conducted both temporally and thermally, aimed
to ascertain the rate and temperature dependency of swelling.
Equilibrium in swelling for all solvents was observed after 24 h,
as shown in Figure S1 (Supporting Information). The solvents
used were toluene, cyclohexane, THF, and MEK, with their re-
spective swelling measurements conducted within temperature
ranges appropriate to their boiling points, as recorded after 24-
h immersion. For each experiment, three dried specimens were
placed in individual 10 ml vials filled with the solvent. These vials
were then immersed in a temperature-controlled water bath set
to the specific temperature for a set duration. To mitigate exter-
nal factors like light and oxygen, which could accelerate swelling,
the water tank was covered during immersion.[19] Postimmer-
sion, solvent residues on the specimen surfaces were promptly
removed, and their masses were recorded on a precision balance
for swelling ratio calculations. The final swelling ratio was deter-
mined by averaging the results from the three specimens.

3. Model Development

The governing Helmholtz free energy equation to explain
swelling phenomena in this work follows the basic con-
cept of Flory–Rehner’s as comprising mixing and elastic
contribution:[28–30]

ΔAtot = ΔAmix + ΔAel (1)

where subscripts tot, mix, el denote total, mixing and elastic term,
respectively. For elastic term, Flory’s affine model is used for sim-
plicity as:
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where k, T, 𝜆i, f , V , and V0 are the Boltzmann constant, temper-
ature, strain rate in i direction, crosslinker functionality, swollen

state volume and dry state volume, respectively. Mc denotes
the average molecular weight between two crosslinking points,
which represents the microstructure of rubber samples formed
when manufactured. For mixing contribution, the MDL model is
introduced for the position of the traditional FH model to com-
plement the deficiency caused from mean field approximation.
Helmholtz free energy of mixing for the MDL model is described
as follows[22]:
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where Nr , k, T, and ri are the number of lattice sites for the
mixture, Boltzmann constant, temperature, segment number of
component i, respectively (conventional indices i = 1 for solvent
and i = 2 for polymer were used in this work). 𝜙i = rixi∕

∑
j

rjxj is

the volume fraction of component i. C𝛽 = 0.1415144 and C𝛾 =
1.798599 are universal constants for primary lattice obtained
from Monte Carlo simulation data. Interchange interaction en-
ergy parameter, 𝜀̃, which is a counterpart of 𝜒 for the FH model,
is originally a function of temperature. However, since it should
inhere the crosslink effect for the case of rubber, which is empiri-
cally proved in the work of McKenna et al.,[13,15] 𝜀̃ can be described
as:

𝜀̃ =
𝜀11 + 𝜀22 − 2𝜀12
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where 𝜀ij and Nij are the interaction energy and the number of
pair between neighboring segments i and j, respectively. In the
case of systems having specific interactions, such as hydrogen
bond, secondary lattice Helmholtz-free energy for i-j pair, ΔAsec,ij,
can be introduced as:

ΔAsec,ij

NijkT
= 2
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(5)

where z is the neighboring coordination number, 𝜂 is the frac-
tion of specific interaction, and 𝛿𝜀̃ij is the energy for the specific
interaction between i–j pair. As in the literatures, z and 𝜂 are set
to 6 and 0.3 without loss of generality. As will be discussed later,
a vulcanized NR shows a linear dependence of crosslinking den-
sity on the added amount of crosslinker, sulfur in this work. At
low amount of sulfur, however, there was a severe departure from
this linear dependency, which is expressed in the nonrandom-
ness factor, Γs. This factor should explain the linear dependency
at moderate and high sulfur concentration region and the abnor-
mal state that may be stemmed from inhomogeneity of sulfur dis-
tribution over the NR host, simultaneously. Also, it should meet
the boundary condition of zero contribution at nonsulfur system.
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Considering all of these conditions, the functional form of Γs is
suggested in this work as:

Γs =
𝜀1s

kT
ws

(
1 + g0e−ws∕w0

)
(6)

where ws is the weight fraction of the added sulfur, 𝜀1s is the inter-
action energy between a solvent molecule and a crosslink, g0 and
w0 are the adjustable parameters for nonrandomness. Once the
swollen sample reaches equilibrium, net zero force between the
solvent molecules in and out of gel phase leads to the chemical
potential equation[30]:

Δ𝜇1,mix = −Δ𝜇1,el (7)

where Δ𝜇1,a = 𝜕(ΔAa)∕𝜕N1 for contribution a. With the reason-
able assumption r1 = 1 and r2 → ∞ for network system, Equa-
tion (7) can be written as:
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where 𝜌r and Vs are the rubber density and the molar volume
of solvent, respectively. 𝜀̃ and Mc (or the crosslink density 𝜈 =
𝜌r∕2Mc) are the characteristic parameters that determine the
chemistry and structure of the rubber samples. For density, sug-
gestion of Ellis and Welding was applied with the fictitious sulfur
density of 6 g cm–3.[16,31] In this work, most of the explanation of
the swelling properties of rubber/solvent systems focuses on the
complement of these two parameters. For comparison, swelling
equilibrium equation for the FH model is:[30]

ln
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Temperature dependence of Equations (8) and (9) is implicit
in the interaction energy parameters 𝜀̃.

4. Results and Discussions

4.1. Solvent Activity Coefficient Analysis

To elucidate the distinct characteristics of the FH and MDL mod-
els in rubber science, we initiated our study by examining the
solvent activity coefficients in primary systems. This approach
provides a robust method for dissecting the thermodynamic con-
tributions inherent in these models. The FH interaction param-
eter (𝜒) and the MDL interchange interaction energy parameter
(𝜀̃), as presented in Equation (3), are crucial in correlating with
the solvent activity coefficient. These parameters effectively cap-
ture the molecular interactions between polymer chains and sol-
vent molecules. In the context of NR, a highly elastic polymer
predominantly composed of polyisoprene, the interaction energy
parameter is instrumental in determining miscibility or immis-
cibility with various solvents. This determination is influenced
by the size, shape, and chemical nature of both the polymer and
the solvent molecules, which in turn affect the degree of swelling
or dissolution of NR in a given solvent. Figure 1 illustrates the

Figure 1. Solvent activity of polyisoprene/toluene as a function of poly-
mer volume fraction at 22 °C. Calculation results of FH and MDL models
are superposed in the same line. Data were taken from the work of Saeki
et al.[32]

solvent activity in a polyisoprene/toluene system as a function of
polymer volume fraction. Data were taken from the work of Saeki
et al.[32] The solvent activity (a1) is linked to the chemical potential
as shown in Equation (10):

ln a1 =
(
𝜇1 − 𝜇0

1

)
∕kT (10)

Here, the superscript 0 denotes the pure state. The solid curve
in Figure 1 represents the computational results using either
model, indicating no significant difference in predicting the sol-
vent activity between the FH and MDL models. However, a di-
vergence is observed in the interaction energy parameters: 𝜀̃ =
(𝜀11 + 𝜀22 − 2𝜀12)∕kT , yielding values of 0.0974 for MDL and
0.382 for FH, respectively. A direct comparison of these absolute
values is not meaningful due to the differing scales used in each
model. For toluene, a good solvent for NR, these values indicate
favorable interactions between the polymer and solvent. Situa-
tion was the same for the case of cyclohexane as can be seen in
Figure S2. The significance of these values will be further eluci-
dated later in the boundary condition context.

4.2. Crosslink Density Analysis

Using the interaction parameters obtained, the crosslink density
𝜈 of vulcanized rubber samples was inferred using Equations (8)
and (9). Open symbols in Figure 2 depict the derived crosslink
density (≈1∕Mc) for the NR/toluene system, employing the con-
stant interaction energy parameters at 20 °C as previously men-
tioned. This method is standard for determining 𝜈 from swelling
experiments in the rubber industry. The figure reveals a substan-
tial discrepancy in crosslink density predictions between the mix-
ing models (solid and dotted lines); the MDL model predicts a
higher density than the FH model across the entire range. While
the actual values should be corroborated with other experimental
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Figure 2. Crosslink density of NR samples according to added sulfur
amount. Triangles are for FH model and circles for MDL model. Dashed
lines are calculated values using FH model and solid lines using MDL
model. Blue lines and open symbols are derived from the solvent activ-
ity data and swelling data at 20 °C, while red lines and filled symbols are
derived from swelling data.

data, the trend observed is of primary importance at this stage.
Generally, 𝜈 is understood to linearly correlate with the added
amount of crosslinker (sulfur in this case), with the y-axis in-
tercept considered the degree of entanglement.[33] In Figure 2,
this linear relationship holds beyond 1 phr (ws ≈ 0.009). However,
significant deviations are observed at lower sulfur amounts, sug-
gesting a decline to zero at the zero sulfur limit. Valentin et al.,
in their NMR study, attribute this phenomenon to the percola-
tion threshold.[19] It is posited that the inhomogeneous mixing
properties of the melt compound below this threshold result in a
nonrandom crosslink distribution in the rubber substrate, lead-
ing to an intrinsic crosslink density that approaches zero with
an infinitely small amount of sulfur. According to the customary
vulcanization category, the crosslink density is linear for CV sys-
tems (ws > 0.015), starting off downwardly from the linear trend
for s-EV systems (0.008 < ws < 0.015) and stringent drop-off is
seen for EV system (ws < 0.008). Therefore, this trend should be
viewed as a continuous phenomenon across the entire crosslink
domain range. In this study, we found that a logarithmic trend, as
shown in Equation (11), effectively fits all the data, with a bound-
ary condition at the origin:

1∕Mc = c0 ln
(
1 + c1ws

)
(11)

Here, c0 and c1 are the adjustable parameters. Equation (11)
will serve as a foundational guideline for subsequent analyses of
polymer-solvent interactions; filled symbols in the figures rep-
resent the self-consistent values as will be discussed later. The
derived parameters are listed in Table 2. It is assumed that the
crosslink density is constant for a given sulfur amount and is un-
affected by solvent or temperature, indicating that these values
are applicable to other solvent systems.

Table 2. Crosslink density parameter.

Model c0 c1

[mol kg–1] –

FHa) 0.161 120.547

FHb) 0.487 54.173

MDLa) 0.129 492.385

MDLb) 0.0805 1450.896
a)

Before self-consistency. Derived from constant interaction energy parameter;
b)

After self-consistency. Derived from crosslinker dependent interaction energy pa-
rameter.

4.3. Analysis of the NR/Toluene System

The NR/toluene system is extensively studied in swelling ex-
periments aimed at understanding the microstructure of rubber
networks. Most research in this area focuses on extracting the
crosslink density using the Flory–Rehner hypothesis, particularly
assessing the accuracy of elastic models. For unbiased analysis,
the correctness of the mixing contribution must be presupposed.
In this context, both temperature and crosslinker dependence
were examined for the NR/toluene system. A key issue identi-
fied is that the crosslink density derived from the constant en-
ergy parameter of solvent activity in unvulcanized solution sys-
tems (Equation (11) with upper values in Table 2) leads to a lin-
ear relationship between the energy parameter and sulfur weight
fraction. However, this approach lacks self-consistency. Employ-
ing Equation (11) for 𝜈 and the linear dependence of 𝜀̃, parame-
ters were obtained through one-pot regression for each FH and
MDL model (lower values in Table 2). For the energy parame-
ter, the boundary condition at zero sulfur amount aligns with
the values for the unvulcanized system. The derived swelling ra-
tios for the simultaneous temperature and sulfur weight frac-
tion dependence are illustrated in Figures 3 and 4. A compari-
son of the computational results indicates that the MDL model
performs better for temperature dependence and at high sulfur
weight fractions, while the FH model aligns more closely with ex-
perimental data at low sulfur fractions, albeit with lower quality
of temperature dependence. The overall superiority of the MDL
model can be attributed to the boundary condition of the energy
parameter. When this condition is not constrained, the perfor-
mance of the FH model is comparable to that of the MDL model
(as shown in Figure 4. Two critical observations emerge. First,
even without the boundary constraint, the MDL model aligns
with the same parameter, while that of the FH model shows sig-
nificant variation (Δ𝜀12∕k = −2119.2ws + 112.69 for constrained
vs Δ𝜀12∕k = 497.782ws + 57.337 for unconstrained). This finding
suggests that the FH model lacks certain aspects for effective
use as a mixing contribution. As Flory noted, this might be due
to the exclusion of entropy contribution in the heat content.[30]

Conversely, the MDL model includes augmented entropy terms
(compare Equation (8) with Equation (9)), providing a plausible
explanation for its enhanced performance under the required
boundary condition. The second observation pertains to the en-
ergy parameter. Freed and Pesci demonstrated that the FH 𝜒 pa-
rameter is a function of crosslinker fraction in their cluster ex-
pansion framework.[15,34] To verify this functional relationship
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Figure 3. FH model results for swelling ratio of NR/toluene system. a)
Temperature dependence. Each color means different amount of added
sulfur: 0.5, 1, 1.5, 2, 3, 4 phr from top to bottom. b) Crosslinker amount
dependence. Each color means different temperature: 10–70 °C from bot-
tom to top.

in our study, the sulfur dependencies of the energy parameter
for each model are depicted in Figure 5. It is observed that the
energy parameter deviates from the linear trend at low sulfur
weight fractions, more notably for the MDL model. This devia-
tion is attributed to the decrease in the crosslink density at low
sulfur weight fractions, as explained by the concept of nonran-
domness in the previous section. With low sulfur contents, the
accumulation of sulfur molecules at specific points in the rub-
ber matrix may be substantial, leading to this nonrandomness
and the consequent deviation of the energy parameter from the
linear trend. This phenomenon is represented as a deviation in
model predictions at low sulfur weight fractions in Figure 4. In
the case of the FH model, the deviation from the linear trend is
less pronounced, as shown in Figure 5a, and the prediction of
swelling ratio exhibits good fit in this region. However, it is im-
portant to recognize that this is a result of forced distortion by
the boundary condition, and thus the overall goodness of fit is of

Figure 4. MDL model results for swelling ratio of NR/toluene system. De-
tails are the same as in Figure 3.

low quality. The deviation at low sulfur weight fractions for the
MDL model can be improved by incorporating the second part on
the right side of Equation (6) for nonrandomness correction. The
corrected energy parameters are shown as red curves in Figure 5,
and the updated swelling ratio for the MDL model is presented in
Figure 6. As demonstrated in these figures, the MDL+Γs model
satisfactorily covers the entire range of consideration, whereas
the FH model shows limited improvement, even with the aid of
Γs (not shown in Figure 6). The derived energy parameters are
listed in Table 3.

4.4. Analysis of NR in Various Solvent Systems

4.4.1. Swelling Behavior in NR/Cyclohexane System Using MDL +
Γs Model

Figure 7 presents the swelling behavior of NR in a cyclohex-
ane environment, as predicted by the MDL + Γs model. De-
spite minor discrepancies with experimental data, particularly
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Figure 5. Crosslink amount dependence of interchange energy parameter
for NR/toluene system. a) energy parameter for FH model and b) for MDL
model. Black lines show the linear trend only, while red curves include the
nonrandomness information on top of that.

at 1 phr sulfur concentration, the model demonstrates satisfac-
tory predictive capability. When compared to the NR/toluene
system, the unvulcanized state energy parameter (Δ𝜀12∕k) in
the NR/cyclohexane system is marginally lower, elucidating the
slightly reduced swelling ratio observed in the latter. Notably,
the crosslinking energy parameter (Δ𝜀1s∕k), as defined in Equa-
tion (6), exhibits a considerably steeper slope for cyclohexane,
≈2.5 times that of toluene. This observation suggests that while
the affinity between NR and cyclohexane is less than that with
toluene, the inverse is true for the interaction of sulfur with these
solvents. Consequently, the density of the crosslinker plays a piv-
otal role in determining the mixing properties, such as swelling
or dispersion, in these systems.

4.4.2. Swelling of NR in Nonpolar and Polar Solvent Systems

Both toluene and cyclohexane are categorized as nonpolar sol-
vents, and the NR/toluene system can be aptly described using

Figure 6. MDL+Γs model results for swelling ratio of NR/toluene system.
Details are the same as in Figure 3.

Table 3. Interaction energy parameters for NR/solvent systems.

Solvent Model Δ𝜀12∕k Δ𝜀1s∕k g0 w0 𝛿𝜀11∕k

K K – – K

Toluene FH 112.690 −2119.200 −2.529 0.002410 –

MDL 28.733 222.49 −1159.738 0.000906 –

Cyclohexane FH 97.35 −1170.100 −9.883 0.003429 –

MDL 22.686 566.181 −1409.608 0.000684 –

THF FH 124.45 −1425.700 −36.095 0.001008 –

MDL 73.742 139.270 −616.514 0.001100 528.914

MEK FH 252.295 −250.085 −39.986 0.001000 –

MDL 210.227 −8.046 −21566.632 0.000689 1110.201

only the primary lattice within the MDL model. However, for
polar solvent systems, this primary lattice framework is insuffi-
cient to account for specific interactions like hydrogen bonding
or dipole–dipole interactions. To address this, the MDL model
incorporates a secondary lattice, as delineated in Equation (5),
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Figure 7. MDL+Γs model results for swelling ratio of NR/cyclohexane sys-
tem. Details are the same as in Figure 3.

into the interaction energy parameter equation (Equation (4)).
Swelling experiments conducted with two representative non-
polar solvents, THF and MEK, and depicted in Figures 8 and
9, affirm the necessity of this modification. The secondary lat-
tice for solvent–solvent interaction (1–1) is assumed to dominate
over other interactions (2–2 and 1–2) due to the high-dipole mo-
ments of these polar solvents. NR typically exhibits limited sol-
ubility in nonpolar solvents, with MEK being a prime example.
Figure 9 shows that the swelling ratio in MEK is considerably
lower than in toluene or cyclohexane. Conversely, THF induces
greater swelling in the NR network compared to nonpolar sol-
vents. The dipole moment of THF (1.75 D), although lower than
MEK (2.78 D), is higher than aniline (1.52 D), indicating that the
solvent polarity is not the sole determinant of swelling degree.
The ether group in THF, with its exposed positive partial charge
near the oxygen atom, may interact electrostatically with the neg-
atively charged 𝜋-bonds in NR, contributing to its higher swelling
ratio. Despite this, the reasons for THF’s greater swelling effect
compared to toluene or cyclohexane remain unclear. Neverthe-
less, the MDL model, supplemented by the secondary lattice en-

Figure 8. MDL+Γs model results for swelling ratio of NR/THF system.
Details are the same as in Figure 3.

ergy, successfully describes the swelling behavior of NR in these
polar solvents. The specific interaction energy, 𝛿𝜀11∕k, for MEK is
about twice that of THF, correlating with their respective dipole
moments.

5. Conclusions

5.1. Evaluation of Mixing Contributions in Rubber/Solvent
Systems: A Comparative Study of FH and MDL Models

This study rigorously evaluated the mixing contributions within
rubber/solvent systems using the Flory–Rehner theory, focusing
on a comparative analysis between the traditional FH model and
the more intricate MDL model. The MDL model, encompassing
additional enthalpic and entropic terms, initially appears more
complex than the FH model. However, our investigation con-
firmed that these additional terms are crucial for a self-consistent
explanation of network/solvent interactions in chemically linked
experimental setups. A notable finding is that the interaction en-
ergy parameter for the unvulcanized state in the MDL model
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Figure 9. MDL+Γs model results for swelling ratio of NR/MEK system.
Details are the same as in Figure 3.

aligns with values obtained from solvent activity assessments
in NR/toluene and NR/cyclohexane systems, demonstrating the
model’s self-consistency. This alignment contrasts with the re-
sults from the FH model, suggesting the augmented enthalpic
and entropic contributions in the MDL model effectively address
deficiencies arising from the mean field approximation inherent
in the FH model.

5.2. Interpretation of the Crosslink Density and Energy
Parameters

Our application of Equation (10) for modeling crosslink density
(𝜐 or 1∕Mc) effectively accounted for the observed decrease in
the crosslink density at low sulfur concentrations and satisfied
the boundary condition of zero in the unvulcanized state. Addi-
tionally, the energy parameters displayed deviations from a linear
trend at extremely low sulfur levels, a phenomenon we attributed
to the nonrandom distribution of sulfur particles during mixing.

This behavior was mathematically articulated using the Γs modi-
fication.

5.3. Incorporating Secondary Lattice in Polar Solvents

In the context of polar solvents, the significant dipole interac-
tions between solvent molecules necessitated the introduction
of a secondary lattice in the energy parameter equation (Equa-
tion (4)). The resulting trends in dipole interaction energy closely
matched the order of solvent dipole intensities, corroborating our
approach.

5.4. Overall Applicability of MDL Model and Future Perspectives

While the superior solvent capabilities of THF for NR were not
fully elucidated through thermodynamic modeling alone, our
findings affirm the suitability of the MDL model for analyzing
mixing contributions in rubber/solvent systems, applicable to
both networked and non-networked structures. Future research,
potentially integrating chemical reduction methods like group
contribution analysis, could provide further insights into the
fundamental aspects of mixing between seemingly incompatible
molecules in these systems.
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