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Abstract: Formation of single polymeric globules occurs via a coil-to-globule transition when temperature or solvent
qualities change, representing a molecular phase transition unique to polymeric systems. The underlying principles of the
formation of globules and their distinctive conformational properties have been extensively studied due to their funda-
mental significance in polymer science and potential applications in developing novel polymeric materials. According to
Flory-type theory, the formation and conformation of globular polymers are governed by a balance of two-body and
three-body interactions among monomers, resulting in a core density of the globules invariant with the degree of polym-
erization and dependent only on temperature. In this study, we carry out extensive molecular dynamics (MD) simulations
using a primitive single polymer model to validate theoretical predictions regarding the core density behaviors of single-
polymeric globules. Our results demonstrate that the primitive model employed in this study accurately captures the con-
formational changes of a single polymer during the coil-to-globule transition observed in experiments. We observe that
the core density of a single polymer increases as the polymer adopts a globular and compact conformation. Notably, when
varying the degree of polymerization of a single polymer from 100 to 1200, we find that the core density at various tem-
peratures remains unaffected in stable globules. These findings are consistent with the previous prediction of Flory theory,
highlighting the importance of the two-body and three-body energetic contributions to the conformational free energy of
globular polymers in governing their conformational properties.

Keywords: coil-to-globule transition, structure of polymer globules, flory theory, parallel tempering molecular dynamics
simulation, conformation of single polymers.
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change.'? The formation and structural properties of globular
single polymers have been extensively investigated due to their
fundamental importance in understanding the conformation of
biomacromolecules®® and their implications in manufacture
chemo- and thermo-responsive polymeric nanoparticles.”"
Consequently, many theoretical efforts have been devoted to
understanding the conformational properties of polymeric
globules.”!'® However, examining these theoretical predictions
through experiments is not a trivial task. Numerical simulations,
thus, provide an efficient tool to bridge the gap between the-
oretical predictions and experimental observations regarding
the conformational properties of globules. In this work, by carrying
out extensive molecular dynamics (MD) simulations with a
primitive single polymer model, we particularly confirm the valid-
ity of theoretical predictions regarding the core density behav-
iors of single-polymeric globules.

In general, properties of polymeric systems exhibit scaling
behaviors with respect to the degree of polymerization, which
is the number of monomers consisting of a polymer. One of the
intriguing structural features of polymeric globules predicted by
previous theories, however, is that their core density is not affected
by the degree of polymerization.'*'”** According to Flory-type
theory,"”? the conformation of single polymers is determined
by the competition between conformational entropy and effec-
tive two-body interactions of monomers. The two-body inter-
actions of monomers in globules are effectively attractive, leading
to their compact globular conformation. The conformational
entropy of a single polymer is maximized at an optimal polymer
size, which is expected to prevent the polymer from collapsing
into a single point by overcoming the influence of strong attraction
on its conformation. However, the entropy contributions in Flory
theory are not strong enough to prevent such a conformational
collapse. Accordingly, it was suggested that, rather than con-
formational entropy, three-body interactions of monomers pro-
vide the repulsion that maintains non-zero size of the globules.
This implies that the conformation of the globules is determined
by the competition between attractive two-body and repulsive
three-body interactions, resulting in the core density of the globules
being independent of the chain length.

Therefore, affirming that the core density of globules is inde-
pendent of the degree of polymerization partly validates the
prediction that the conformation of polymeric globules results
from the competition between two- and three-body interac-
tions. However, it is a formidable task to experimentally eval-
uate the core density of globules while finely varying various
experimental conditions such as temperature, solvent qualities,
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and degrees of polymerization. Hence, Rissanou et al., carried
out Monte Carlo (MC) simulations with a single polymer on a
lattice space and showed that the core density is independent
of the number of monomers in a polymer,*' suggesting that a
similar behavior should be observed in a continuum space—a
more relevant system to experiments. However, it is important
to note other simulation results showing that properties of single
polymers in lattice and continuum systems, such as the coil-to-
globule transition temperature and crystallization temperature,
can be qualitatively different>** Therefore, it is required to
explicitly confirm whether the core density of single polymers
remains constant with respect to a broad range of the degree of
polymerization, which is the focus of this work.

To elucidate the effects of the degree of polymerization on
the core density of globules, we consider a primitive bead-spring
model® of a single polymer, where polymers are modeled as
linearly connected spherical beads by a bonding potential.
Although this model simplifies the chemical details of mono-
mers, it is beneficial for saving computational efforts when
investigating generic features of polymeric systems with varying
the degree of polymerization by orders of magnitude. In the
globular states of single polymers, however, the dynamics slow
down significantly,” especially for longer chains, which demands
considerable computational time to obtain the equilibrium
configuration of single polymers in globular states. Therefore,
by carrying out parallel tempering molecular dynamics (PTMD)

simulations®’-?

— where MD simulations with multiple replicas
at different temperatures are conducted simultaneously— we
efficiently obtain equilibrium configurations of globular single
polymers across a broad range of temperatures.

In this work, we show that the conformation of a single polymer
becomes compact and forms a globular conformation as tem-
perature decreases. The conformational variation of the single
polymer with decreasing temperature exhibits universal fea-
tures in terms of the theta temperature @, as predicted by pre-
vious theories and observed in earlier experiments, validating our
simulation model and methods for investigating the generic
features of polymer globules. @ is a significant characteristic
temperature of polymers, where the effective repulsive and
attractive interactions of monomers cancel each other out, resulting
in an ideal chain conformation. When temperature is higher
than @, the single polymer has an extended coil conformation. In
this regime, we find that the core density of single polymers
decreases as the degree of polymerization increases. On the
other hand, as the temperature decreases below @, the core
density gradually increases. When the temperature is sufficiently
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lower than @, the core and surface regions of the single polymer
are clearly distinguished, indicating the formation of polymeric
globules. Interestingly, we confirm that in this temperature regime,
the core density remains invariant even when the degree of
polymerization varies from 100 to 1200, as predicted by Flory
theory. This finding partly supports the scenario of globule
formation being balanced by the attractive two-body and
repulsive three-body interactions of monomers.

Experimental

Simulation Model. A single polymer is modeled by linearly
connecting N spherical beads, with N ranging from N =100 to
N=1200 (Figure 1). The diameter and mass of the beads are
loand | m, where o and m are the reduced units of length and
mass in this simulation, respectively. The adjacent beads are
connected by a harmonic potential Uy(r), defined as Uy(r) = K (r—
ry)’, where r is the distance between adjacent beads and r, is
the bond distance, set to 1, = 1 0. Here, K, is a spring constant
set to K, = 1000 kzT/o, where kg and T are the Boltzmann
constant and temperature, respectively, and k7 is used as a
reduced unit of energy in this simulation. The value of K, used
in this study is large enough to prevent local segments from
passing through each other.

The interaction between pairs of monomers not connected
to each other is modeled by the Lennard-Jones (LJ) potential
Uyy(r), defined as Uy () = 4€[(o/r)* — (o/r)®], where r is the
distance between two monomers and € = 1k 7, which is trun-
cated and shifted at ., = 2.50. As the temperature decreases,
the attractive parts of Ui (r) become more significant, driving
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Figure 1. Simulation snapshot of a single polymer with N = 1200 at
T=4.0.

the single polymer to adopt a more compact conformation
with decreasing temperature.

Simulation Methods. We carry out PTMD simulations to
obtain equilibrium configurations of single polymers at var-
ious T and calculate their structural properties at equilibrium.
In this study, we consider 32 independent replicas containing
a single polymer at different temperatures for the PTMD sim-
ulations. For given MD time steps t,.,, the positions of single
polymers are evolved via Velocity-Verlet algorithm with an
integration time step df = 0.005 7y, Where 7y = ,/maz/kBT is
a reduced unit of time in this simulation. At every #,.,, two rep-
licas at adjacent temperatures are randomly selected, and per-
mutation of the two configurations of the single polymer is
attempted. The permutated configurations are accepted as new
configurations according to the Metropolis algorithm.”** This
Monte Carlo permutation move in the PTMD simulations
allows configurations at lower temperatures to overcome energy
barriers that trap configurations within local minima by visit-
ing higher temperatures, thereby enhancing the sampling effi-
ciency.

To obtain the equilibrium configurations, we first generate
32 initial configurations at various temperatures, ranging from
T=0.8 to T=4.5. The temperature ranges and the tempera-
ture difference between adjacent replicas are adjusted based
on N to optimize the permutation probability. We then equil-
ibrate the initial configurations by carrying out PTMD sim-
ulations for 7., = 20000000 MD time steps with £, = 50000 MD
time steps. Following this equilibrium run, we conduct addi-
tional PTMD simulations for #,,q = 100000000 MD time steps
to calculate the structural properties of the single polymers.

Results and Discussion

In Figure 2(a), the radius of gyration R, of single polymers
is depicted with respect to 7 for various N, which quantita-
tively characterizes the conformational changes of the single
polymer as the temperature varies. Here, R, is determined as
R, = <(1/]\7)z;i1(?,~—?cm)2>”2, where 7 is the position vector
of the i~th monomer, 7em is the position vector of the center
of mass of N monomers (7em = (l/N)zil?q-), and (---) denotes
an ensemble average of the quantity. As shown in the graph,
regardless of N, R, decreases with a decrease in T due to the
growing influence of attractive non-bonding interactions on
the conformation, indicating that the conformation becomes
compact, changing from a coiled conformation as the tem-
perature decreases.
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Figure 2. (a) R, of various N with respect to 7. (b) R/N'? as a func-
tion of T for various N. The black dashed lines in (a) and (b) denote
the position of the theta temperature.

The conformation changes with variations in 7 can be well
understood in terms of the effective two-body interactions.'”2*%
At high temperatures, the effective two-body interactions between
the monomers are repulsive. In this regime, R, scales as R~N"". As
T decreases, the contributions of the attractive interactions grow.
At T= O, the influence of attraction and repulsion are bal-
anced, leading to an ideal conformation for the single polymer,
characterized by R,~N"". When the temperature drops below
0@, the attractive interactions become the dominant contribu-
tion in the two-body interactions, causing the conformation
of the single polymers to become compact and globular. This
results in R~N"", a hallmark of the formation of globular
polymers.

Therefore, if we redraw Figure 2(a) by reducing R, by factor
of N'?, all curves for various N should intersect at one point
at T= @. In Figure 2(b), we depict R/N"* with respect to T for
various N. R/N'” decreases gradually, rather than discontin-
uously, with decreasing 7, but for larger N, R, changes more
steeply with 7, all of which display the continuous phase tran-
sition nature of the coil-to-globule transition. As expected, R/N'"
converges at a single point at a characteristic temperature (the
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Figure 3. R,/N"? of various N with respect to (7— G)N'2. The dashed
line marks the condition that 7= 6.

black vertical dashed line), suggesting that at this point, the con-
tributions of the effective attractive and repulsive interactions to
the polymer conformation are canceled out. Thus, we determine
this point as the @ temperature, evaluated as @=3.20.

We note that although the two-body interactions between
the monomers become attractive at 7<@, the coil-to-globule
transition temperature T, of the single polymer with a finite
value of N is slightly lower than @*° However, as N increases
to infinity, 7,, converges to @ following (@-T,)~N "2
Moreover, as shown in Figure 2(b), the coil-to-globule tran-
sition is a continuous phase transition, and the transition width
AT, decreases with an increase N, which is well established
to be follow a scaling relation AT,,~N"2'>'821% These imply
that R,/N for various N collapses onto a single curve with respect
to T shifted by @ and then rescaled by N'?, ie., (T-@)N'>2
as shown in Figure 3.

This clearly demonstrates that our simulation model, though
primitive, successfully captures the universal features in the
formation of polymer globules with temperature variation as
predicted by previous theories and observed in previous sim-
ulations and experiments. Therefore, this guarantees that the
structural properties of polymer globules in our simulation
model, particularly the core density of globules in this study,
accurately reflect those in experiments.'®*!-3

In order to calculate the core density of globules, we obtain
the density profile p(r) of monomers, defined as p(r) =
<Z?I:18(7_|;i_;cm|)>/(4nr2), where r denotes the distance from
the center of mass of a polymer and J(x) is a delta function, i.e.,
d(x) =1 at x =0, otherwise o(x) = 1. In Figure 4(a), we depict
p(r) with respect to 7 for various 7 from 7= 1.9 to 7=4.0 when
N =1200. The graph shows that when 7 is above @@= 3.20, at
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Figure 4. (a) The density profiles p(r) at various 7 with respect to » when N =1200. The open circles represent the core density obtained as
p(r) at r=0; (b) Simulation snapshots of single polymers with N=1200 at various 7.

which the single polymer has a coiled conformation, p(r) grad-
ually decreases as r increases from 0. However, as T decreases,
the value of p(r) at » =0 increases, and the plateau region of
p(r) around » = 0 appears more prominently. This means that
the core and interfacial regions of single polymers become more
distinct, signifying the emergence of globular structures. Fig-
ure 4(b) provides simulation snapshots of the single polymer
at various 7 when N = 1200, graphically illustrating the for-
mation of the globular single polymer with a distinctive core
region as observed in Figure 4(a).

The core density p... of the single polymers is defined as
p(r) at r =0, which can be determined by taking the limit of
the value of p(r) in Figure 4(a) as »—0 (the open symbols in
Figure 4(a)). The increase in o With decreasing T observed
in Figure 4(a) is attributed to the growth of the two-body
attractive interactions. In Flory theory, the contribution of the
two-body interaction to the conformational free energy F.
is estimated using a mean-field approach as Fee~ksT v N?/
R;, where v is the excluded volume of a monomer, a measure
of the effective two-body interaction of monomers.'”!*2% If
the effective interaction between the monomers is net attrac-
tive, v has a negative value, whereas if net repulsive, v has a
positive value. At the theta temperature @, there is no net two-
body interaction between monomers, such that v=0. When
T< O where the attraction is dominant, v is negative. Con-
sequently, as R, decreases, the conformational free energy also
decreases, thereby stabilizing the system.

However, to fully explain the formation of stable globules
in terms of Flory theory, the repulsive contribution to the
conformational free energy must be considered. If only the
attractive component, Fu.~ksT vN?/R; is taken into account,
R, would decay to zero, causing p... to diverge. Therefore,

an entropic loss arising from the reduction in the number of
available conformations of a single polymer confined to a
significantly small R, could be considered as a repulsive source
of free energy Fiong~ksT N/R’.* However, this entropic con-
tribution is not strong enough to counterbalance the attractive
two-body interactions alone.

Hence, rather than the entropic contributions, it has been
suggested that the three-body interactions should provide the
repulsive source to stabilize the collapsing single polymer.'’*
When the density of monomers is low, the influence of three-
body interactions to the chain conformation is negligible. On
the other hand, as the density of the monomer is increased by
decreasing the chain size, its contribution becomes import-
ant. According to the Flory-Huggins theory, the contribution
of the three-body interactions between monomers can be
estimated by Fee~ksTw N*/R®, where w is the three-body
interaction coefficient that has a positive value. Therefore,
the conformational free energy of globules is dominated by
Foo and Fener, L€, Foont ® Fer T Fyener. Then, the size of the
globules is determined at the point where F,¢ is minimized,
i.e., OF cni/OR, = 0, tesulting in Ry~(w/[v|) N'°.

This indicates that the conformation of globules is deter-
mined by a balance of attractive two-body and repulsive
three-body interactions. Therefore, if the core density O 1S
considered as p... ~ N/Rg, the core density can be expressed
as a ratio of the excluded volume and the three-body inter-
action coefficient, i.e., O ~ |V[/w. Since both of v and w are
independent of A, the core density of globular polymers should
also be independent of N.

In Figure 5, we depict p,.. with respect to T for various N.
As T decreases, p... increases regardless of N values, indi-
cating the formation of globules, consistent with observa-
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Figure 5. Core density of monomers p... for single polymers with
various N as a function of 7. The vertical black dashed line marks
the position of the theta temperature.

tions from Figures 4(a) and (b). In the graph, the dashed line
marks the position of the theta temperature. As shown in the
graph, when 7> @, the core density at a given T increases as
N decreases. Interestingly, however, as T decreases sufficiently
below O, p... converses to a single line, demonstrating that
Peore Decomes independent of the chain length. Importantly,
note that the largest N value (1200) considered in this study
is more than an order of magnitude larger than the smallest
one (100). This clearly confirms that the core density of the
stable globules is invariant with N, partly supporting the pre-
diction of Flory theory.

The excluded volume and the three-body interaction coef-
ficient of liquids are associated with the second and third virial
coefficients, respectively. According to mean-field approaches
based on Flory-Huggins theory,” the three-body interaction
coefficient of monomers is thought to be negligibly influ-
enced by temperature. Hence, the temperature dependence of
Peore 18 determined by the excluded volume of monomers. In
the vicinity of @, temperature behavior of v is often simply
estimated in terms of @, ie., v~ (1-@/T), indicating that
Peore ~ |1=O/T|.2*3* In Figure 6, we depict po With respect to
|[1-@/T| on a log-log scale. However, this figure shows that
Peore 18 Weakly dependent on |1-@/T|, compared to the pre-
diction. This discrepancy would be attributed to the fact that
the relation v~ (1-@/T) is based on a condition where the
average distance between monomers is larger than the mono-
mer size, such that the thermal energy scale overwhelms the
magnitude of the pair potential, which is not the case for glob-
ules. Moreover, it remains to be confirmed whether the three-
body interaction coefficient of monomers in globular poly-
mers is indeed temperature independent. Therefore, to affirm
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Figure 6. Core density of monomers o, for single polymers with
various N as a function of |I-@/T|. The dashed lines are drawn to
compare the power-law relations between .. and |1-O/T)|.

this more clearly, it is necessary to explicitly calculate the
values of v and w, which we leave for future work.

Conclusions

In this study, we explore the core density behaviors of sin-
gle-polymeric globules using extensive molecular dynamics
simulations. We employ a bead-spring model of a single polymer
and carry out parallel tempering molecular dynamics (PTMD)
simulations to efficiently sample equilibrium configurations
near the theta temperature @. Our results show that the con-
formational changes of our primitive model upon a decrease
in temperature 7 reflect the characteristic features of the coil-
to-globule transition observed in experiments.

We find that stable globules are formed when T is reduced
sufficiently below @), as evidenced by a clear separation of
the core and interfacial regions in the radial density profile of
monomers. By explicitly evaluating the core density from the
radial density profile, we importantly find that in the globular
states, the core density is not influenced by the degree of
polymerization, even when the degree of polymerization is
varied by an order of magnitude.

These findings partly validate the Flory-theory picture of
polymer globule formation, where the conformational free energy
is dominated by attractive two-body and repulsive three-body
energetic contributions. This indicates that the structural prop-
erties of polymer globules are governed by a balance of these
two contributions. However, to further validate this picture, it
is essential to explicitly estimate the excluded volume and the
three-body interaction coefficient of single polymers. We leave
this for further study.
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