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We study the conformational properties of semiflexible polymers
within the lattice model of self-avoiding random walks (SAW) with
bending energy ¢ that depends on the orientation between direc-
tions of two consecutive steps. We apply the pruned-enriched
Rosenbluth method (PERM). Both the cases of bending prefer-
ence (¢ < 0) and unfavorableness (¢ > 0) are analyzed, and details
of the “coil-to-rod” transition, as well as properties of the “super-
flexible” state, are discussed.

1. Introduction

Many polymers in chemical and biological physics are
characterized by a linear chemical architecture and thus
behave as flexible chains. After the polymerization, a
single flexible macromolecule can adopt many different
conformations. By a conformation, we call the spatial
structure of a polymer determined by the relative loca-
tions of its monomers [1-3]. Typical examples of flexible
polymers are synthetic polymers with a carbon back-
bone, such as polyethylene, where the neighboring car-
bon atoms can easily rotate around single o-bonds. The
statistical properties of flexible polymers under good sol-
vent conditions are thoroughly studied by now [4-6]. In
particular, it was found that typical long flexible poly-
mer chains in good solvents form crumpled coils with
size measure such as the mean-squared end-to-end dis-
tance (R?) obeying the scaling law with the number of
monomers N:

(R?) ~ N?, 1)

where v is a universal exponent depending on the space
dimension d only (v(d = 3) = 0.5882 £+ 0.0011 [7]).
Recently, much interest was paid to semiflexible poly-
mers, mostly since many important organic macro-
molecules such as DNA and some proteins belong to
this class [8, 9]. Typically, these macromolecules are
characterized by massive side-groups (e.g., radicals of
amino acids) along the carbon backbone. Usually, the
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semiflexible polymers are characterized by a relatively
large persistence length [,,, so that it becomes compat-
ible with other important length scales that determine
the polymer behavior. Usually, the persistence length
of semiflexible polymers can reach up to one hundred
nanometers (e.g., the mechanical persistence length of a
DNA macromolecule is of order of 50 nm [9]). Moreover,
some synthetic polymers are characterized by a stiffness
over short distances along the chain (polystyrene with
side phenol groups).

It is established that the spatial conformational prop-
erties of flexible polymer macromolecules in good sol-
vents can be successfully studied within the frames of the
SAW lattice model. Though the model is quite simple, it
allows to obtain the high-precision estimates of some uni-
versal spatial characteristics of macromolecules. In [10],
it was proposed to generalize the SAW model for the
case of semiflexible polymers, introducing different sta-
tistical weights for “trans” steps (straight joins between
two neighbor monomers) and “gauche” steps (those lead-
ing to a bending of the polymer chain). The persistence
length of such biased self-avoiding walks (BSAW) was
thus introduced as inversely proportional to the proba-
bility of a “gauche” step, and the scaling form for (R?)
was proposed:

)= (). @
Ip

Here, f(N/l,) is the scaling function describing the
crossover between two main regimes: on the chain length
much larger than [,, any polymer behaves as a flexible
chain obeying the scaling law (1); whereas for the chain
length much smaller than the persistence length, the
polymer attains the limit of a rigid rod with (R?) ~ N2.
The scaling properties of BSAW were studied both nu-
merically [11-16] and within analytical approaches [17-
19].

A slight modification of the BSAW model was pro-
posed in [20] by the introduction a bending energy e
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Fig. 1. The schematic presentation of a SAW trajectory in d = 2
with bending energy e associated with each turn. The number
of bends (“gauche™steps) equals 7. The bending energy € = 0 is
implied at each straight join (“trans”™step)

associated to each step away from the direction of the
previous step, so that each “turn” of the trajectory is
associated with statistical weight e (see Fig. 1). The
persistence length in such a case is a function of the
bending energy [, ~ e° (at € > 0). The case where ¢ =0
corresponds to the case of a flexible chain (I, = 1). At
e > 0, the bends are energetically unfavorable, which
corresponds to the stiff-chain limit (I, — c0). Whereas
at ¢ < 0, the bends become energetically favorable, and
very fuzzy “superflexible” chains having a turn associated
at each step appear. An interesting example of the phys-
ical realization of such a model can be found in biopoly-
mers, where the spatial conformation is mainly deter-
mined by the peptide bonds between functional groups.
These bonds are responsible for the formation of ex-
tended structures such as a-helices. The break of these
bonds under some solvent conditions can lead to the
bending and the twisting of a macromolecule, which can
be described as the rod-to-coil transition in the frames
of our model. Whereas the former limit is deeply related
to the “coil-to-rod” transition mentioned before, less is
known about the latter case, when a bending is favor-
able. In particular, the interesting question about the
typical shape of such a “super-flexible” polymer chain is
still unresolved.

In the present paper, we consider the lattice model
of semiflexible polymers with bending energy e, distin-
guishing the stiff and flexible limits. Applying numeri-
cal simulations, we evaluate the explicit bending depen-
dence on the parameter € and analyze the properties of
the “superflexible” state.

2. The Method

To study the conformational properties of self-avoiding
random walks on the regular lattice, we use the pruned-
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enriched Rosenbluth method [21] combining the origi-
nal Rosenbluth—Rosenbluth algorithm of growing chains
[22] and the control over the growth of a population
[23]. Each n-th monomer is placed at a randomly cho-
sen neighbor site of the last placed (n — 1)-th monomer
(n < N, where N is the total length of the polymer). If
this randomly chosen site is already visited by a chain
trajectory, it is avoided without discarding the chain,
and a weight W, is given to each sample conformation
at the n-th step:

Wn — Hmle—sl(l—cos 91)’ (3)
=1

where m; is the number of free lattice sites to place the
[-th monomer, #; is an angle between steps [ and [ — 1,
and ¢; is the bending energy at the I-th step oriented
differently than the preceding step (corresponding to the
case 0 = m/2.)

The growth is stopped, when the total length N of the
chain is reached (or, at n < N, the “dead end” without
possibility to make the next step is reached). Then the
next chain is started to grow from the same starting
point.

The averaging over conformations for any quantity of
interest then has the form

M M
()= = Wh(0. 2w = S Wh, 4)
k=1 k=1

where the summation is performed over the ensemble of
all constructed N-step SAWs (M ~ 10° in our case).
Note that, in the literature considering the structurally
disordered systems, procedure (4) is usually referred to
as the “configurational averaging” [24]. However, since
the term “configuration” in polymer physics refers to a
fixed sequence of monomers along the chain [3], here and
below, we will use the term “conformational averaging”
to denote the averaging (4).

The weight fluctuations of the growing chain are sup-
pressed in PERM by pruning the conformations with too
small weights, and by enriching the sample with copies
of high-weight conformations. These copies are made
while the chain is growing and continue to grow inde-
pendently of one another. Pruning and enrichment are
performed by choosing thresholds W= and W, which
are continuously updated as the simulation progresses.
If the current weight W, of an n-monomer chain is less
than W<, the chain is discarded with probability 1/2.
Otherwise, it is kept, and its weight is doubled. If W, ex-
ceeds W, the conformation is doubled, and the weight
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Fig. 2. Number of bends in a polymer chain as a function of the
bending energy ¢ at various numbers of monomers N in d = 2

of each identical copy is taken as half the original weight.
Otherwise, the chain is simply continued without enrich-
ing or pruning the sample.

For updating the threshold values, we apply simi-
lar rules as in [25, 26]: W,> = C(Z,/Z1)(cy/c1)? and
W< =0.2W,”, where ¢, denotes the number of created
chains having length n, and the parameter C controls the
pruning-enrichment statistics; it is adjusted such that 10
chains of the total length IV are generated per each tour
on the average [26].

3. Results and Discussion

Applying the PERM algorithm, we analyze the confor-
mational properties of semiflexible SAWs under varying
the bending energy ¢ in spaces with the dimensions d = 2
and d = 3. Numerical simulations were performed for
the chain length up to 1000 monomers in d = 2 and up
to 600 in d = 3. The bending energy in both cases was
varied in the limits —10,...,10.

To describe quantitatively the extent of chain flexibil-
ity or stiffness, let us evaluate the number of bends in a
polymer chain of length N corresponding to the number
of times when the SAW trajectory changes its direction.
Figures 2 and 3 present our simulation results. The case
e = 0 corresponds to the regime of a flexible polymer
coil with averaged size measure given by Eq. (1). For
negative values of €, the bends becomes more and more
favorable. In the limit € < 0, we obtain the “superflexi-
ble” polymer chain with turning at each step, so that the
the number of bends equals N — 1 for an N-step SAW.
In both 2D and 3D cases, we can estimate the marginal
value of ¢ ~ —3.5, below which the “superflexible” state
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Fig. 3. Number of bends in a polymer chain as a function of the
bending energy € at various numbers of monomers N in d =3

occurs. For positive €, when each bending of a trajectory
leads to the total energy increase, the limit of completely
stiff rod-like polymers should be gradually approached.
The limitations of our method, however, enable to catch
this tendency only for rather short chains, N < 100.

Whereas, in most previous investigations, the behavior
of semiflexible polymers under increasing stiffness (corre-
sponding to the case £ > 0 in our model) was of interest,
less attention was paid to the opposite situation of “su-
perflexible” polymers (¢ < 0). An interesting question
arises: What is the typical shape of such a conformation?
One could expect, in principle, the zigzag conformation,
as is shown in the middle of Fig. 4.

We can shed light into this question by studying the
averaged number of nearest neighbor contacts p (i.e.,
number of cases where two nearest neighbor sites are
occupied but not connected by a bond) of a typical poly-
mer chain. It is obvious that, for a completely stretched
rod-like conformation, we will have p = 0, whereas for
the expected zigzag-like structure, p = 1 (in d = 2), as
is sketched in Fig. 4. Our numerical results for p val-
ues as a function of the bending energy ¢ for SAWs in
d = 2 are presented in Fig. 5. At € = 0 corresponding to
the ordinary SAW problem, the value of nearest neigh-
bor contacts in d dimensions can be estimated from the
empirical relation

p=2d—1-—2z(d), (5)

where z(d) is a SAW fugacity (averaged number of pos-
sibilities to make the next step in a growing trajec-
tory). Indeed, for a simplified case where the trajec-
tory is allowed to cross itself (so-called random walks),
it is easy to show for a (hyper)cubic lattice in d dimen-
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p=2
Fig. 4. Schematic presentations of SAW trajectories in d = 2
with the numbers of nearest neighbor contacts p = 0 (rod-like
conformation), p = 1 (zigzag conformation), and p = 2 (compact
globule)
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Fig. 5. Number of contacts with nearest neighbors in a SAW tra-
jectory in d = 2 as a function of the chain length N at various
values of bending energy ¢

sions that z(d) = 2d. Taking the self-avoidance effect
into account, the “turning back” at each step is forbid-
den. This reduces the fugacity to the value 2d — 1. Fi-
nally, we notice that another factor which reduces the
fugacity due to the self-avoidance effect is the contacts
with nearest neighbors p. Substituting the known value
z(d = 2) = 2.6385 £ 0.0001 [27] into (5), we obtain an
estimate for the ordinary SAW: p = 0.361. Our result
for the case € = 0 obtained by the least-square fitting of
data gives p = 0.354 £ 0.009, which is thus nicely sup-
ported. Note, however, that the above quantity is not
universal. In particular, it depends on the lattice type.

44

0.14 T T T
€=— 0
o
o e=—1 ¢
012+ €=0 &
g o
01 =
0.08 - B
Pr(p)
0.06 - =
0.04 - B
D‘
0.02 - t!_ B
b B
0Le b O/?M_mmﬂ'm | | ‘AA E‘QEW»WW*MMM
0 01 02 03 04 05 06 07 08 09 1

p

Fig. 6. Probability distribution of the number of nearest neighbor
contacts in a N = 40-step SAW trajectory in d = 2 at various
values of bending energy e

Therefore, the numerical values of p, strictly speaking,
reflect properties of SAWs on a simple cubic lattice and
cannot be directly used in the description of polymers in
a continuous space (in a good solvent). This is opposite
to the universal quantities of polymers (as the scaling
exponent v (1)), which are perfectly described by the
lattice model of SAW.

At positive values of €, as expected, the averaged num-
ber of nearest neighbor contacts tends to 0. For negative
e, the p value gradually increases until we reach the al-
ready mentioned marginal value of bending energy, be-
low which the crossover to the “supeflexible” phase oc-
curs. In this limit, we estimate p = 0.690 £ 0.009, which
can describe a “smeared” zigzag conformation (cf. Fig.
4). The probability distribution of p at different values
of bending parameter ¢ is given in Fig. 6.

4. Conclusions

We have studied the conformational properties of semi-
flexible polymers within the lattice model of self-avoiding
walks with additional bending parameter e, which is
negative for the “gauche” step preference (step which is
not in the same direction as the preceding step) and
positive for the “trans” step preference [10, 13, 16, 20].
Typical examples of flexible polymers (with bending en-
ergy ¢ = 0 within this model) are synthetic polymers
with a carbon backbone such as polyethylene, where the
neighboring carbon atoms can easily rotate around sin-
gle o-bonds [1-3]. Under the external influence, these
macromolecules can also adopt the superflexible zigzag
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conformations (which may correspond to € < 0). Many
organic macromolecules such as DNA and some proteins
are characterized by a massive side-groups (e.g., radi-
cals of amino acids) along the carbon backbone, which
leads to an increase in the stiffness (these are semiflexible
polymers corresponding in our model to the case € > 0)
[8,9]. Moreover, some synthetic polymers are character-
ized by the stiffness over short distances along the chain
(polystyrene with side phenol groups) [3]. As examples
of stiff rod-like molecules (¢ > 0), one can name the
so-called amphiphiles, usually having the form of a hy-
drophobic carbon chain with polar group on the one end
(phospholipids).

An important characteristics of the semiflexible poly-
mers with “trans” step preference is the persistence
length [,,. At scales smaller than [,, a polymer attains
the limit of a rigid rod. Whereas, on the chain length
much larger than the persistent length, any polymer be-
haves as a flexible chain consisting of independent seg-
ments of the size [,. Another interesting case is the
“gauche” step preference (¢ < 0) describing the situa-
tion where the bends are favorable, and, in the limit
€ — —o0, a “superflexible” chain with turning at each
step is predicted.

We considered the “coil-to-rod” transition and proper-
ties of the “superflexible” state by studying the averaged
number of bends in the typical SAW conformation as
a function of . The existence of a marginal value of
€ ~ —3.5 is obtained, below which the polymer chain
consisting of N monomers has N — 1 bends and thus is
in the “superflexible” state. This is also confirmed by
studying the averaged nearest contact number p, which
characterizes the topological properties of a polymer con-
formation. Whereas, for the polymer chain in the flexible
coil regime (e = 0), this value equals p = 0.354 + 0.009,
it is found to increase in the bending preference case and
is estimated to be 0.690 £ 0.009 at ¢ < —3.5.
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KOH®OPMAIINHI BTACTUBOCTI HATIIBTHYYKNX
[TOJIIMEPIB: YMCJIOBI CUMVYJISIIIT

B. Baasayvka, X. Iatidyxiecvra, FO. Tonrosay
PesowMme

Hocnimzxeno koudopMaIiiiHi BJaCTUBOCTI HAIIBrHYYKHUX MOJIMe-
PiB 3aCTOCOBYIOYHM I'DATKOBY MOJIEJIb BUIIAQIKOBUX OJIyKaHb 0Oe3 ca-
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morneperunis (self-avoiding walks — SAW) i3 eneprieio 3ruHas-
HS €, 3aJIE’KHOIO0 BiJI B3a€MOOpieHTAlil MOCTIJOBHUX KPOKIiB. 3a-
CcTOCOBaHO ajropuTm Pozenbiiiora i3 36igHeHHAM Ta 30aradeH-
uam (PERM). IIpoanasizoBaHO BHIIAQKH, KOJU 3TUHU CHEPreTH-
uyno Burigni (¢ < 0) ta mesurizui (¢ > 0), i obrosopeno aerasi
Ta BJIACTUBOCTI “HaJrHYYKOro’

nepexoay “KiayOOK—CTepKeHb’

CTaHy.
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