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Molecular dynamics method is used to study the conformation behavior of a semi-flexible polymer chain confined in a
cylinder channel. A novel helix-like structure is found to form during the simulation. Moreover, the detailed characteristic
parameters and formation probability of these helix-like structures under moderate conditions are investigated. We find
that the structure is not a perfect helix, but a bundle of elliptical turns. In addition, we conduct a statistical analysis for the
chain monomer distribution along the radial direction. This research contributes to our understanding of the microscopic
conformation of polymer chains in confined environments filled with a solvent.
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1. Introduction

Conformation transition of a semi-flexible polymer chain
in a confined environment is ubiquitous in nature and has a
variety of physical and biological applications. As a repre-
sentative example, biological macromolecules such as DNA,
RNA, and proteins, which are known to be confined in cells,
have attracted more and more researchers’ attention.!'~"1 A
single DNA chain has a persistence length of approximately
50 nm, but it can be folded in a small cell with a diame-
ter at only several micrometres. To understand the confor-
mation of macromolecules in confined environments, a con-
siderable number of studies have been conducted involving

[8-14 15-22] and simulations. [2-7,17,23-34]

experiments, 8141 theories, |
For instance, Reisner et al. experimentally studied the phy-
sics and biological applications of DNA confined in nano-
channels,!'3! and found that these fascinating systems can be
used to probe single-molecule conformation in environments
with key physical length-scales ranging from 1 nm to 100 pum.
Theoretically, Tree et al. suggested that the extension of DNA
in a nanochannel is a Rod-to-Coil transition,[??! and showed
that there exists a universal, Gauss—de Gennes regime that
connects the classic Odijk and de Gennes regimes of channel-
confined chains, especially for DNA in a nanochannel. Lv et
al. simulated the self-assembly of double helical nanostruc-

s.[25

tures inside carbon nanotubes.!?! The computational results
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indicated that the SWNT size and the polymer chain stiffness
determine the outcome of the nanostructure while water clus-
ters encourage the self-assembly of polyamide (i.e., PA) heli-
cal structures in a tube.

Numerous studies mainly focus on the insertion of poly-
mer chains into hollow cylinder channels in a vacuum. The
solvent is typically omitted or replaced by a simple frictional
force for simplicity. We expect that the presence of solvent
molecules could significantly impact this dynamic. Since the
solvents have important functions in physical, chemical, and

particularly biochemical processes, !

it is important to inves-
tigate their effects on the conformation and dynamics of poly-
mers. In particular, solvents may assist the self-assembly of
new biological nanostructures.

In this paper, we investigate the confined conformation
and distribution behaviors of a semi-flexible linear polymer
chain confined in a cylinder channel using molecular dynam-
ics method. In order to simulate a realistic solution environ-
ment, the cylinder channel is filled with solvent particles. The
conformation behaviors under various values of stiffness of the
semi-flexible polymer chains and radius of the cylinder chan-
nels are examined in detail. This work may supply a theoreti-
cal foundation for the future theories of conformation predic-

tion and material fabrication.
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2. Model and simulation

Dahirel er al. have developed a new coarse-graining pro-
cedure for the dynamics of charged spherical nanoparticles
in solutions,*®) which reasonably reproduces the dynamics
of charged nanoparticles in suspensions. Additionally, Mal-
evanets et al. have studied solute molecular dynamics in a

[37] They developed a hybrid molecular dy-

mesoscale solvent.
namics algorithm by combining a full molecular dynamics
(MD) description of solute—solute and solute—solvent interac-
tions with a mesoscale treatment of solvent—solvent interac-
tions. Here, we describe the dynamics of polymer chain and
solvent particles in MD method.

Our initial system comprises three parts: (i) a single lin-
ear polymer chain consisting of multiple monomers, which is
the main interest of this research; (ii) solvent particles serving
as a solution environment; (iii) a cylinder channel with a fixed
radius formed by a regular array of particles, which represents
the static confinement environment. The first two parts are
confined in the third part. A periodical condition is applied in
the axial direction of the cylinder (z-axis). In the simulation,
reduced units are used for simplicity. The chain monomer, all
of solvent particles, and the cylinder channel particles are set
to with mass m = 1 and diameter ¢ = 1.

The bead—spring model is used to simulate the poly-
mer chain, which comprises N monomers. The interactions
between adjacent polymer monomers are described by the
finitely extensible nonlinear elastic (FENE) potential

KR} r\?
Urene (r) = —Toln [1— (Ro> ]

O] o

where r is the distance between the two monomers, K is the
spring constant, Ry is the maximum allowed separation be-
tween connected monomers, and € is the strength of the poten-
tial. It should be noted that the bonded potential between ad-
jacent monomers includes the Lennard—Jones (L-J) potential
as shown in Eq. (1). Here we choose K = 308/62, Ry=1.5,
and e = 1.

The non-bonded interactions between nonadjacent poly-
mer monomers, solvent particles, polymer monomer and sol-
vent particle, polymer monomer and cylinder channel particle,
solvent particle and cylinder channel particle are described by
the truncated and shifted L-J potential, which is used to avoid
discontinuity of the potential

Uy (r)

el ][0 ()],

for r < r¢,
0, forr>re..

For the polymer monomers, the cut-off distance of the non-
bonded interaction is set to r. = 2.50, which means that the
interactions include both repulsive (when r < 21/66) and at-
/66 < r < 2.50). For interactions be-
tween other particles, the cut-off distance is r, = 21/ %5, which

tractive ones (when 2

means that the truncated L—J potential is exclusively repulsive.
Moreover, the linear polymer chain stiffness is simulated
by the bending potential

Ubend (0) =b(1+cosB), 3)

where 0 represents the angle of subtended between any two
consecutive bonds in the chain, and b denotes the bending en-
ergy parameter, which quantifies the chain. b = 0 indicates
that the chain is flexible, b > 0 indicates that the chain is semi-
flexible, and b — oo indicates that the chain is a rigid aligned
rod. In this study, we will mainly focus on semi-flexible poly-
mer chains.

The number of monomer N in a polymer chain, which is
also the chain length, is set to 50, 100, and 200. The bending
parameter b is set to 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
200, 300, 400, 500, 600, 700, 800, 900, and 1000. The density
p of mobile particles, including monomers and solvent parti-
cles, is fixed at 0.856 3. The radii of cylinder channel are set
to 3, 4, and 5, which are all in units of . Due to the excluded
volume interactions between mobile particles and static cylin-
der channel particles, the effective radii of the channel actually
are R =2, 3, and 4. To clearly describe the confinement, we
define a physical parameter y = N /(nR?), which is the ratio of
chain length and the cross-sectional area. Its physical meaning
is the monomer number per unit area, the larger the value of y
is, the stronger the confinement is.

Nosé—Hoover thermostat>* and velocity-Verlet algori-
thm®®! are used. The time unit is T = o(m/€)'/?, and the
time step is At = 0.0017. Each simulation is repeated 5 times
to obtain statistically averaged results. All the simulations are
conducted with the LAMMPS MD package. 3!

3. Result and discussion
3.1. Helix-like structure of the polymer chain

Under the confined environments formed by the cylinder
channels and the solvent particles, the conformation behaviors
of the polymer chains change considerably. Here we choose
two samples to demonstrate the changes. Figure 1 shows two
examples of the progress of helix formation with the same
parameters b = 80 and radius R = 3, but with different chain
length: N = 100 in Fig. 1(a) and N = 200 in Fig. 1(b), re-
spectively. Here the cylinder channel particles are not shown
for clarity. As shown in Fig. 1(a), the chain can be viewed
as a random coil at r = 107. It begins to writhe at one end at
t = 1007. Half of the chain has formed a helix-like structure at
t =4007. Almost the whole chain writhes to form a helix-like
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(b)
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t = 14207

t =1800T7 t = 158007

Fig. 1. (color online) Snapshots of two typical helix formation processes
for confined polymer chains at various times. Both of them have the same
chain stiffness parameter b = 80. The number of monomers (red) in each
chain is N = 100 for (a) and N = 200 for (b), respectively. Here the cylin-
der channel is not shown for clarity and the solvent particles are repre-
sented by white dots.

N—s—1

structure at t = 14207. At last, a helix-like structure is formed
at t = 18007. As shown in the snapshots, the formed helix
structure exhibits a bundle of turns stuck together. This can
be explained by the attractive interactions among monomers.
For the cases of N =200 in Fig. 1(b), the formation process
of a helix-like structure is completely different. The chain is
a random coil at ¢t = 107, similar to that of N = 100. How-
ever, there are two helix-like rounds formed from its two ends
at t = 2007. In the following time steps, the two helices ap-
proach, touch, collide and separate repeatedly till # = 68007.
Att = 94007, the two coils have already overlapped with each
other. Atr = 158007, the two coils have merged and a helix-
like structure is formed. It is however not circular as reported

(231 put elliptical. This new helix-like structure is

previously,
formed due to the cylinder channel’s confinement effect as
well as the exclusion effect of the solvent.

In order to quantitatively describe the helical periodicity,

a spatial correlation function®”! is studied

1 N-2 .
Gls) = y=3 L 8650 @)

Here, s is a sequence interval ranging from 0 to N/2 — 1 and

g(s,i) is given by[3"

1/(N—=s—1) -21 (cos Bi,j — (cos Bi ;) (cos Bi j+s — (cos B ;)

Jj=

g(s,i)z

The cosine of angle f; ; can be calculated with

cos B j = (6)

Here, l; = 741 — 7; is the i-th bond vector, and (cos f§; ;) de-

notes the average value of cos fB; j over j from 1 to N — 1.
G(s) can be fitted with the empirical equation!*”!

G(s) = exp(—s/E)cos(2ms/P). (7

Here, & and P denote the orientation correlation length and
helix period, respectively. P represents the average number of
monomer per turn in a polymer chain, and & describes the cor-
relation of monomers along the chain contour. For a perfect
helix, & tends to be infinite, while an exponential decay with
no oscillations would be observed for non-periodical confor-
mations.

For a polymer chain with chain length N = 100 confined
in a cylinder with R = 3, the values of G(s) are shown in
Fig. 2(a), which provide further evidence for helical confor-
mations of the confined chains with various b. For b =0 and

&)

N-1
1/(N-1) j)=:1 (cos Bi j — {cos Bi )

1000, there are no periodical oscillations, which imply that
they are not helix structures. When b = 0, an irregular coil is
formed. When b = 1000, the chain is straight. When b = 50,
100, and 500, the curves show oscillations, which indicate that
the chains have helix structures with three, two, and one he-
lix turns, respectively. We obtain & = 382, P = 34; £ = 353,
P =54 and & =480, P = 75 by fitting to Eq. (7). Except for
the ultra-soft and ultra-rigid chains, the stiffer the chain is, the
fewer turns and the more monomers per turn it has.

Figure 2(b) illustrates various values of spatial correla-
tion function under identical chain stiffness » = 70. From top
to bottom, the three plots correspond to chain length N = 50,
100, and 200, respectively. Meanwhile, each plot has three
curves, which show results for R = 2, 3, and 4. We find that
the number of turns increases with the chain length. As all the
plots have the same tendency, we take the middle plot for fur-
ther discussions. By fitting the curves with Eq. (7), we obtain
£E=249,P=54;& =248, P=43 and £ = 1181, P =35 cor-
responding to R = 2, 3, and 4, respectively. We can see that
the number of monomers per turn decreases with the effective
radius. Usually, the opposite results are observed. Our results
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here can be explained by the fact that the axis of the ellipsoidal
helix chain is not parallel to the z-axis as shown in Fig. 3.
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Fig. 2. (color online) Spatial correlation function G(s) of confined poly-
mer chains varies with sequential interval. (a) Results with radius R =3
and N = 100.(b) Results with chain stiffness parameter » = 70 and chain
length N = 50, 100, and 200, respectively. Each plot has three curves
corresponding to channel radius R =2, 3, and 4.

. ()
_. 0.4¢t
3
2 - R=2
S 02r
() e ® . . . . ) . . .
. . (d)
< 04 . " N=50
2 e N=100
o 021 . R=3 A N =200
~.
01"5: - . 2 'Y . . a . a
[ e
o4l . (e)
3 - -
w0 L] -
3 02t S, R=4
=~ * . L]
O-ﬂ U SR S S S
0 200 400 600 800 1000
b

Fig. 3. (color online) (a), (b) The cross sections perpendicular and parallel
to the cylinder channel, where « is the included angle between the normal
direction of ellipsoid of the helix structure and the z-axis. (c)—(e) Variation
of (cos(o)) with chain stiffness parameter » under different action radius
R =2, 3, and 4, where each has several curves for different chain monomer
number N.

Figures 3(a) and 3(b) show a conformation as viewed
from different angles. In particular, figure 3(b) shows that
there is an angle o subtended between the axis of the helix
and the z-axis. Figures 3(c)-3(e) show the average of cosa for
R =2, 3, and 4, respectively. Figure 3(c) does not include the
data for N = 200, because the channel is too thin for the long
chain to form a helix structure. In addition, it should be noted
that when b = 0 and 10, the chains exhibit random coils, so
the values of (cosa) are non-plotted. The values of (cos o)
for N = 50 are between 0 and 0.5, corresponding to the values
of o between 90° and 30°. For N = 200, the values of (cos o)
approach 0, indicating o approaching 90°. The reason is the
emptying effect of the solvent particles, i.e., due to the attrac-
tion effect of chain monomers and the exclusive volume effect
of solvent particles, the polymer chain adheres to the cylinder
channel as much as possible. Therefore, with the same ra-
dius R, the inclination angle « is smaller than 90°, while that
of a long chain is close to 90°. Figures 3(d) and 3(e) illus-
trate the values of (cosa) for R = 3 and 4. Each of them has
three groups of data, and the characteristic is similar to that of
Fig. 3(c). These results show that when N = 50, the values of
(cos o) are larger than those of N = 100 and 200 with the axes
of the ellipsoids perpendicular to the z-axis. We conclude that
the axis of the ellipsoid is not along the z-axis.

In order to understand the number of turns of the chain in-
tuitively, we plot the average bond angle (0) along a chain in
Fig. 4(a). When a polymer chain with a length N = 100 is con-
fined in a cylinder channel with radius R = 3, the five curves
in Fig. 4(a) correspond to the five chain stiffnesses b = 0, 50,
100, 500, and 1000, respectively. As we know, for a perfect
helix structure, the magnitude of average bond angle is almost
equivalent, and the average bond angle is constant along the
chain. However, figure 4(a) shows that each curve has several
peaks, indicating that the cross sections of the helix structures
are not circles but ellipses. When b = 0, the average bond
angle (0) is around 1.75 radians, implying that the chain is
a flexible coil. When b = 50, 100, and 500, the curves have
five, three or two peaks, respectively. As we know, two peaks
constitute one turn of an ellipsoidal helix structure. There are
2.5, 1.5, and 1 turns, respectively. When b = 1000, all the av-
erage bond angles nearly equal to 3.1, implying the chain is
an aligned chain due to its large stiffness parameter. We can
see that under a confined environment combined with solvent
particles, a flexible chain or a rigid chain cannot form a helix
structure, while a semi-flexible chain can form an elliptic helix
structure.

Figure 4(b) shows the average bond angle (6) under a
chain stiffness b = 70. Plots from the top to the bottom corre-
spond to different chain lengths N = 50, 100, and 200, respec-
tively. Each plot contains three curves corresponding to radius
R =2, 3, and 4, respectively. It is shown that the three plots
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have the same tendency. We further discuss the middle plot,
which has a chain length N = 100. There are 3, 4, and 5 peaks
when R = 2, 3, and 4, respectively. We conclude that with a
fixed chain stiffness b, the number of turns decreases with the
radius.

(0) /rad

(0) /rad

Fig. 4. (color online) (a) The bond angle (@) variation along a chain bond
i with identical action radius R = 3 and chain monomer number N = 100,
where five curves for different chain stiffness are illustrated for compar-
isons. (b) Results with identical chain stiffness parameter b = 70 and dif-
ferent monomer number N = 50, 100, and 200 from the top to the bottom.
Each plot has three curves corresponding to the different cylinder radius
R=2,3,and 4.

To determine the helical conformations in more details,
the combination of cos(¢;) and cos(¢;) is used, as shown in
Fig. 5. As we know, the cylinder channel is periodical and the
helix structure is along the z-axis. Therefore, we only discuss
the helix structure projection of confined chain in the xy-plane.
We define cos(¢;) and cos(¢;) as

bi-b

cos (¢) = \T-|O’ (3)
_ bi-b

COS ((Pl) = W (9)

Here b; = ri1; — r;, where r; = (x;,y;) is the projection of i-
th bond vector in the xy-plane, and by = (1,0) is a constant
vector.

For radius R = 4, figure 5(a) shows the results of cos(¢;)
and cos(¢;) with chain length N = 100 and chain stiffness
b = 200. The two curves oscillate uniformly, which indicate

both of them are helix structures. The periodic numbers of
the uniform oscillation in the two curves correspond to the
number of helix-like turns. Therefore, through calculations of
cos(¢;) and cos(¢;), the spatial correlation function G(s) and
average angle parameter (6) above, we can obtain the num-
ber of monomers per turn as well as the number of helix-like
turns. Therefore, cos(¢;) and cos(¢;) are other parameters to
verify the helix-like structure. Here, the number of monomers
per turn is 44 and the number of helix turns is 2.5.
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Fig. 5. (color online) (a) cos(¢;) and cos(¢;) as a function of chain bond i
for action radius R = 3, monomer number N = 100, and chain stiffness pa-
rameter b = 200. (b) Comparisons with identical chain monomer number
N =50 and chain stiffness parameter b = 200, but with different cylinder
radius R = 2, 3, and 4 from the top to the bottom. Each plot has two curves
corresponding to cos(¢;) and cos(¢;), respectively.

In Fig. 5(b), with identical chain length N = 50 and
chain stiffness b = 200, we compare the results of cos(¢;) and
cos(¢;) with different cylinder radius. When R = 2, there are
no uniform oscillations in the two curves, which imply that the
chain is a random coil. It is because the effective radius R is
small, and the chain is compressed into a hank. Meanwhile for
R = 3 and 4, the four curves are all of periodical uniform os-
cillation, and there are three and two peaks, respectively. The
reason is that when the chains have identical length and stiff-
ness, the thicker the channel is, the less turns the chain has to
go around it. Here, the number of monomers per turn is 30
and 37 for R = 3 and 4, respectively. Correspondingly, with
the same chain length, the number of turns of R = 3 is larger
than that of R = 4.
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We try to explain the reason of the helix-like formation
by the entropy driving. Figures 6(a) and 6(b) represent the
schematic diagrams of rod-like structure and helix structure,
respectively. The excluded volume in Fig. 6(b) is generated
by the polymer overlaps.!*! The change in free energy AF
between the confined chains with helical structures and the
confined chains with the rod-like structures can be written
as AF = Frelix — Frod-like = kB TAVoverlap + AU — TAS, where
AVoyerlap 18 the overlap volume of the excluded volume, AU
is the change in the total energy, AS is the change in confor-
mational entropy, and nAVyyeap 18 the total overlap volume
of excluded volume.*!*?] The helical structure contributes to
the increase of overlap volume. In Fig. 6(b), there is overlap
of the excluded volume between the layers of the helix and in
the central core region of the helix, and the excluded volume
decreases by the overlap volume. Within moderate range of
b, the effect of overlap volume is dominant, and the value of
1k T AVoyerlap 18 €qual to or greater than that of AU —TAS, i.e.,
AF < 0, when the polymer can form a helix structure. Previ-
ously, Magee et al..!**! and Yang et al..!*°! have also demon-
strated that delicate interplay between attractive interaction
and packing (due to the excluded volume effect) of monomers
could induce a helix structure, which supports our arguments.

overlap volume

a

(a) (b)
Fig. 6. (color online) Schematics of excluded volume (yellow) for the
polymer chains, whose conformations are (a) rod-like and (b) helix struc-
ture.The excluded volume decreases by overlap when the confined semi-
flexible chain forms a helix.

3.2. Distribution of chain monomer and helix-like forma-
tion percentage

We also study the distribution of the polymer chain
monomers along the radial direction of the cylinder chan-
nel which are shown in Fig. 7. Here, the horizontal axis
shows the radius of the cylinder, but not effective radius. Fig-
ure 7(a) shows the monomer distribution percentage Py along
the radial direction of cylinder with various chain stiffness b,
fixed effective radius R = 3, and chain length N = 100, when
the radius of cylinder is 4.0 accurately. Firstly, we can see
that the monomers accurately distribute at r = 0 ~ 3.4, most
monomers locate at r = 3.0, but never distribute in the region

of r > 3.4. The reason is that due to the exclude volume ef-
fect between the mobile particles and the static cylinder chan-
nel particles, their equilibrium distance is 1.0. Similar phys-
ical mechanism can be found in Fig. 7(b). When b = 0, the
chain shrinks into itself and exhibits a coil, the percentages
of the monomer distribution in the range of every average ra-
dius zone are all less than 15%. This is because of the flexible
property of the polymer chain, the attraction effect of the L—J
potential between non-bonded monomers as well as the ex-
clude volume effect between the chain monomers, and the sol-
vent particles affect the chain’s conformation jointly. When
b = 50, there are two peaks in the distribution curve located
at r = 2.0 and r = 3.0, which correspond to Py = 20% and
Py = 50%, respectively. The reason is that, there are two adja-
cent turns along the radial direction, and the distance between
every two adjacent turns is 1.0. The radial position of the turn
clinging to the cylinder channel is » = 3.0, and the other turn’s
radial position is » = 2.0. From Py of the two turns, we can
calculate the ratio of their monomer number to be 1:2.5. For
b =100, 500, and 1000, the monomers all cling to the cylinder
channel wall, so their distribution curves have only one peak
each, and the positions are focused at » = 3.0. Their monomer
distribution percentages are Py = 65%, 76%, and 97%, respec-
tively. This result shows that, the larger the chain stiffness is,
the more monomers cling to the cylinder channel.
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Fig. 7. (color online) (a) Distribution of the polymer monomer along the
radial direction of the cylinder channel with identical action radius R = 3,
monomer number N = 100, but with different chain stiffness parameter b.
(b) Results with identical chain stiffness parameter b = 200, but with dif-
ferent cylinder radius R = 2, 3, and 4 from the top to the bottom. Each plot
has three curves corresponding to three different chain monomer numbers
N =50, 100, and 200, respectively.

093601-6



Chin. Phys. B Vol. 25, No. 9 (2016) 093601

Figure 7(b) shows the results of the monomer distribu-
tion with identical chain stiffness b = 200, and from top to
bottom, they represent various conditions with different radius
R =2, 3, and 4, respectively. For the curve of N = 50 in each
plot, there is only one peak. It implies that the monomers all
cling to the cylinder channel due to the chain’s short length.
While N = 100 and 200, the corresponding two curves in each
plot have two peaks, and the distance between the two peaks
approaches 1.0, which has the same mechanism as discussed
above in Fig. 7(a). Here it can be seen that, with the chain
length increasing, the left peak becomes sharper, while the
right peak becomes lower. It is because the longer the chain
length is, the larger ratio for the chain to form overlapped
helix-like structure, and the two peaks are considered to obey
a counter-balanced relation.

The above illustrations are all simulated under the same
solution with density p = 0.85. Actually, we also conduct
statistics about other densities. Figure 8(a) illustrates the per-
centages Fejix of helix-like formation with various solution
density p under identical parameters R = 3, N = 100, and
b = 200. It could be seen that when p = 0.85, the helix per-
centage iS Phelix = 35%, which is the highest percentage com-
pared with the others. Figure 8(b) illustrates the variation of
Pielix with various chain stiffness b under identical parameters
p =0.85,R=3,and N = 100. Obviously, when b = 80 ~ 100,
Paelix has the highest values 80%, which is the reason why we
choose p = 0.85 as the solution density in the above simula-
tion. From these statistical results, the helix formation per-
centages vary under different conditions, and there is a peak
value at moderate solution particle density and moderate chain
stiffness.
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Fig. 8. (a) Helix formation percentages Pejix With various solution densi-
ties p under identical R = 3, N = 100, and b = 200. (b) Helix formation
percentages Felix With various chain stiffnesses b under the same p =0.85,
R =3, and N = 100.

4. Conclusions

We have studied the conformation behavior of a semi-
flexible polymer chain confined in a cylinder channel, filled
with solvent. A novel helix-like structure is found during the
simulation which is not a perfect helix structure, but a bundle
of turns stuck together. The cross section of the helix struc-
ture is not circle, but ellipsoid, whose normal direction is not
along the axis direction, but has an included angle from the
axis. Moreover, the detailed characteristic parameters such as
spatial correlation function and bond angle are calculated to
verify the results. In addition, we conduct a statistical analysis
for the chain monomer distribution along the radial direction,
and find most of the monomers cling to the cylinder channel,
except some overlapped situations. The statistical results of
the helix formation percentages under various solution density
and chain stiffness show that, at moderate solution density and
moderate chain stiffness, there is a peak value to form the helix
structure. Our work may strengthen the understanding of the
microscopic conformations of confined polymer chains under
solvent environment.
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