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ABSTRACT: Polynucleotides are often modeled as the wormlike chain, which characterizes the local
stiffness by the bending rigidity. However, some experimental findings unravel that the rigidity arises
mainly from the stacking interactions between two consecutive bases along the polynucleotide.
Homogeneous polynucleotides such as polydeoxyadenosines can be considered as a stacking chain, in
which bases are classified either stacked or free. While a wormlike chain tends to bend evenly due to
thermal fluctuations, the bending of a stacking chain requires breakage of a noncovalent chemical bond
between consecutive polymer segments. The thermodynamic properties and structures of the stacking
chain are investigated by Monte Carlo simulations. Analytical expressions can be obtained if the excluded-
volume interaction is neglected. Fundamentally different from the wormlike chain, the crossover of the
stacking chain from stiff to flexible polymer is depicted by characteristic temperatures displayed in
structural and thermodynamic properties.

I. Introduction

RNA or single-stranded DNA is a linear chain formed
by four different types of monomers (nucleotide bases).
These polynucleotides may fold into high-order struc-
tures, similar to proteins, because of the formation of
base pairs between complementary nucleotide bases, A
and U (T in the case of ssDNA) and G and C. These
configurations may be further stabilized by the vertical
stacking interactions between adjacent base pairs. That
is, base stacking is as crucial to stabilization of the
secondary and tertiary structures of polynucleotides as
base pairing is.1 One experimental measure of stacking
in RNA pointed out that stacking and hydrogen bonding
each contribute about 1 kcal/mol per base pair to the
total stability.2 In fact, a single-stranded polynucleotide
is able to form a stable single-stranded helix without
any base pairing partners if its nucleotide bases are
proficient at stacking.1

Base stacking is characterized by an extensive overlap
of the aromatic ring systems of adjacent base hetero-
cycles and the stacking interaction involves London
dispersion forces and interactions between partial charges
within the adjacent rings.3 Aromatic stacking in poly-
nucleotides takes place mainly between bases with one
strand of the helix, albeit there is also a contribution of
stacking between bases in opposite strands of a duplex
due to the helical twist. It has been recognized for some
time that the bicyclic purines (A and G) stack more
strongly than do pyrimidines (C and U).1,2 As a result,
the stacking interaction can lead to composition-sensi-
tive rigidity of a polynucleotide.4

The single- and double-stranded DNA are often mod-
eled as a semiflexible chain, which characterizes the
local stiffness by the bending rigidity κ or equivalently
the persistence length lp.5,6 When the overall length L
is large compared to the average persistence length, the
physical properties are insensitive to the details of

backbone rigidity because the bending fluctuations
destroy the memory of the chain direction.7 For example,
long ssDNAs are commonly treated as highly flexible
polymers with a persistent length of a few bases.8,9 As
for relatively short polynucleotide strands, the chain
stiffness is invoked to explain the chain characteristics.
The typical example is the wormlike chain. The mean
square of the tangent vector is identically equal to unity
everywhere along a wormlike chain, and the end-to-end
distance has the Kratky-Porod form10

where lp ) κ/kBT. However, recent experimental studies
clearly showed the significance of base-type-dependent
rigidities in the specially designed polynucleotides.4,11-13

For a short homogeneous ssDNA, such as poly(A)
(polydeoxyadenosines) or poly(T) (polydeoxythymidines),
the notation of the DNA rigidity implied in the wormlike
chain becomes meaningless if the contour length is
comparable to or smaller than the persistent length, i.e.,
Llp.

Those experimental findings4,11-13 unravel that the
rigidity of single-stranded poly(A) arises primarily from
the stacking interactions between two consecutive bases
along the polynucleotide, as depicted in Figure 1a. This
rigidity characteristic associated with base stacking is
fundamentally different from the bending rigidity dis-
played by the wormlike chain. The disruption of base
stacking in the haipin-loop formation of ssDNA leads
to sequence-dependent chain dynamics. According to the
theory for coil-to-loop crossover of a flexible chain,14 the
closing free energy barrier is purely entropic, and hence
the closing kinetic depends only on the loop length. In
ssDNA beacon experiments,4 poly(T) behaves essentially
like a highly flexible polymer. However, poly(A) distor-
tion requires an additional enthalpy of 0.5 kcal mol-1

base-1, which is consistent with the disruption of base
stacking. Goddard and co-workers4 further verify the
importance of base stacking in the chain dynamics with
a single cytosine defect (a different base) in the poly(A)
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〈R2〉 ) 2lpL{1 -
lp

L[1 - exp(- L
lp

)]} (1)
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loop sequence. They find that such a defect significantly
perturbs the stacking and the closing time can be twice
as fast at low temperatures. For polynucleotides, the
electrostatic repulsion between charged groups on the
chain also contributes to the rigidity of the chain. In a
low-salt limit, the electrostatic contribution lelec can be
as important as that due to the stacking interaction.
However, in a high-salt limit (∼0.25 M) as in aforemen-
tioned experiments,4 the contribution lelec is estimated
to be less than 1 Å and can be ignored.15

The roles of stacking interactions on the behavior of
the biopolymers have been theoretically investigated
from different aspects. Mansfield16 introduced a broken
wormlike chain model, which incorporated abrupt breaks,
or kinks, at random intervals into the original wormlike
chain. Very little difference between properties of
broken and regular wormlike chains was reported.
Theoretical studies by Zhang et al.17 on the force/
extension characteristics obtained by single-molecule
manipulation techniques indicate that base-pair stack-
ing interactions, although short-ranged in nature, domi-
nate the elasticity of double-stranded DNA.17 The
asymmetric base-stacking potential was introduced to
ensure a relaxed dsDNA to take on a right-handed
double-helix configuration.17 On the basis of a modified
free jointed chain with vertical stacking interactions
between neighboring base pairs, Zhang et al.18 also
concluded that the base-pair stacking played a major
role in the haipin-coil structural transition of a ssDNA
due to external stretching. Dimitrov and Zuker19 showed
that including stacking between neighboring nucleotide
residues of single unfolded strands in the nearest-
neighbor approach improved agreement with heat ca-
pacities of melting experiments for double-stranded
nucleic acids. To answer the experiments cited in ref 4,
Aalberts et al.20 have modeled the closing kinetics and
obtained stacking enthalpies and entropies for single-
stranded nucleic acids. Recently, effects of stacking on
the configurations and elasticity of long homopolynucle-
otides are explored on the basis of straightforward
modification of models for the helix-coil transition in
polypeptides.21,22 Stacking interactions give rise to
configurations of an annealed rod-coil multiblock co-
polymer, and a nonmonotonic dependence of size on
temperature is predicted.21

When a wormlike chain is bent by thermal fluctua-
tions or external forces, it tends to bend evenly. If the
stacking interaction is involved, however, this physical
scenario breaks down because chain bending requires
breakage of a noncovalent chemical bond between
consecutive polymer segments. The corresponding bend-
ing rigidity involves bond-breakage probability.15 As a

consequence, the stacking chain is fundamentally dif-
ferent from the wormlike chain. In this paper, we aim
to investigate the influence of stacking interactions on
the behavior of a linear polymer. On the basis of the
characteristics associated with poly(A), we construct a
stacking chain model and evaluate its thermodynamic
properties and structures with/without excluded-volume
interactions.

II. Stacking Chain Model

Consider a linear chain consisting of bases (segments)
as shown in Figure 1a. Any two consecutive bases
interact with each other via stacking interactions if they
are aligned. We do not attempt to further clarify the
origin of base stacking. For simplicity, we adopt a simple
but physical motivated model for the stacking interac-
tion, the two-state model.15 That is, the two segments
are either stacked or free. The stacking interaction leads
to an energy gain -εs < 0 and therefore tends to
straighten the backbone of the polymer. As schemati-
cally illustrated in Figure 1b, the angle between two
neighboring segments (θ) can be used to identify whether
they are stacked or not. If the angle between two
consecutive segments is less than a critical angle θ0
(θ < θ0), the stacking bond is formed and an energy -εs
is gained. Otherwise, they are free to bend. In summary,
the stacking interaction between i and i + 1 segments
(Ui,i+1) is given by

On the basis of the stacking model, eq 2, we are able to
derive analytically the properties of thermodynamics
and structures associated a stacking polymer without
excluded-volume interactions.

When the excluded-volume interaction is considered,
off-lattice Monte Carlo simulations are performed to
evaluate the static properties. The simulation proce-
dures are briefly described as follows. The details can
be seen elsewhere.14,23 The stacking chain is modeled
as a jointed hard-sphere chain with N beads of diameter
σ. All the characteristic lengths are then scaled by σ.
The system simulated contains a single polymer chain
with chain length N ranging from 15 to 60. The bonded
beads i and i + 1 interact via an infinitely deep square
well potential23

At each MC step, a randomly selected bead on the chain
was allowed to move around its previous position with
a restriction of the bond fluctuation between σ and 1.2σ.
Bond crossing (phantom chain) can be prevented by
such as a choice. In addition, the stacking interaction
between consecutive segments is via the simple two-
state model depicted by eq 2. The temperature T* is
scaled by an energy parameter ε0, i.e., T ) kBT*/ε0.
Without the loss of generality, we assume the stacking
energy εs ) 5ε0 and the critical angle cos θ0 ) 0.95. The
new configurations resulting from this move are ac-
cepted according to the standard Metropolis acceptance
criterion. Runs of the same length at different temper-
atures are equilibrated for 20 million steps. Measure-

Figure 1. (a) Formation and breakage of a stacking bond
between two consecutive monomers in a single polynucleotide.
(b) Schematic representation of a stacking chain.

Us(θ) ) {-εs, θ < θ0

0, θ g θ0
(2)

Ui,i+1 ) {∞, |Ri - Ri+1| < σ
0, σ e |Ri - Ri+1| < 1.2σ
∞, 1.2σ e |Ri - Ri+1|
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ments for static properties are then taken over a period
of 5-10 million MC steps per bead.

A. Thermodynamics. The partition function of the
stacking chain with N - 1 segments (N beads) can be
written as

where â denotes the inverse temperature â ) 1/kBT*
and g(n) represents the degeneracy associated with the
state of n stacked bonds. When the excluded-volume
interaction is neglected, the stacked probability between
two neighboring segments is proportional to (1 - cos
θ0)/2. As a consequence, the degeneracy can be esti-
mated by

where Cn
N ) N!/(N - n)!n!. Inserting eq 4 into eq 3

yields

The Helmholtz free energy is related to the partition
function by

The internal energy is equivalent to the average number
of stacking interactions 〈n〉 and thus

where

The entropy is simply -T*S ) F - 〈U〉. One can easily
show that at high temperature (âεs , 1) 〈U〉 = -(N -
2)âεs[(1 - cos θ0)/2 + âεs sin2 θ0/4] and âF = -(N - 2)âεs-
[(1 - cos θ0)/2 + âεs sin2 θ0/8]. Therefore, the entropy
reduction due to stacking interactions is only S/kB =
-(N - 2)(âεs)2sin2 θ0/8 < 0. Here we set the free energy
(or entropy) of the Gaussian chain with (N - 1)
segments as zero. At low temperature (âεs . 1), 〈âU〉 =
-(N - 2)âεs and âF = -(N - 2){âεs + ln[(1 - cos θ0)/
2]}. Thus, the entropy reduction in comparison with a
Gaussian chain is given by S/kB = (N - 2) ln[(1 - cos
θ0)/2] < 0.

The heat capacity Cv can also be calculated by

Note that Cv f â2 as â f 0 and Cv f â2e-âεs as â f ∞.

Therefore, there must exist a characteristic temperature
Tc (âc) so that (∂Cv/∂T) ) 0. At this temperature, the
extent of the internal energy fluctuation is maximum.
It depicts a crossover temperature. Below Tc, the stack-
ing chain behaves like a stiff polymer while it is more
like a random coil as T > Tc.

B. Structure. The size of the stacking polymer can
be characterized by the mean square end-to-end dis-
tance. The end-to-end vector of the chain is defined as

where the bond vector ri is related to the bead position
Rj by ri ) Ri+1 - Ri. The mean square end-to-end
distance is then given by

Similar to the general random flight models,10 〈ri‚ri+k〉
does not vanish and can be calculated. The average of
ri+k is taken with the rest of the chain fixed

where R denotes the average of cos θ

Note that R f 0 as âεs f 0 and R f 1/2(1 + cos θ0) as
âεs . 1. Multiplying both sides of eq 11 by ri and taking
the average over ri, ..., ri+k-1, one has

The recursion relation, with the initial condition 〈ri
2〉 )

b2, is solved by

The mean square segment length is b2 ) 3(l2
5 - l1

5)/
5(l2

3 - l1
3) if the segment length l fluctuates from l1 to

l2 (l1 e l e l2). In the present study, b is related to the
bead diameter by b = 1.1σ. Using eq 14 in eq 10, the
mean square end-to-end distance is given by

For large N, 〈R2〉 ) (N - 1)b2[(1 + R)/(1 - R)]. Similarly,
results have been obtained by the correlated random
walk model.24

The persistent length is another fundamental feature
of the stacking chain. The concept of persistent length
is a measure of stiffness. However, there are several
definitions. We consider the projection length lp and the
orientation correlation length l.25 The latter is defined
as the correlation length of an orientational correlation

Z ) ∑
n)0

N-2

g(n) exp(ânεs) (3)

g(n) ) Cn
N-2(1 - cos θ0

2 )n(1 + cos θ0

2 )N-2-n

(4)

Z ) 1
2N-2

[(1 + cos θ0) + (1 - cos θ0)e
âεs]N-2 (5)

F ) -kBT* ln Z ) -(N - 2)kBT*{ln[1 +

(1 - cos θ0

1 + cos θ0
)eâεs] + ln(1 + cos θ0

2 )} (6)

〈U〉 ) -〈n〉εs ) -(∂ ln Z
∂â ) ) -(N - 2)εs

peâεs

1 + peâεs
(7)

p ) (1 - cos θ0

1 + cos θ0
) , 1

Cv

kB
)

〈U2〉 - 〈U〉2

(kBT*)2
) -â2 ∂〈U〉

∂â
)

(N - 2)(âεs)
2 peâεs

[1 + peâεs]2
(8)

R ) RN - R1 ) ∑
i)1

N-1

ri (9)

〈R2〉 ) ∑
i)1

N-1

∑
j)1

N-1

〈ri‚rj〉

) ∑
i)1

N-1

〈ri
2〉 + 2∑

i)1

N-1

∑
k)1

N-1-i

〈ri‚ri+k〉 (10)

〈ri+k〉ri,...,ri+k-1
) ri+k-1R (11)

R ) 〈cos θ〉 ) 1
2
(1 + cos θ0)[ 1 - e-âεs

1 + p-1e-âεs] (12)

〈ri‚ri+k〉 ) R〈ri‚ri+k-1〉 (13)

〈ri‚ri+k〉 ) b2Rk (14)

〈R2〉 ) (N - 1)b2 1 + R
1 - R[1 - 2

N - 1
R 1 - RN-1

1 - R2 ] (15)
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function with an exponential decay. It can be easily
obtained from eq 14

As a result, the persistent length is given by

As the temperature declines, the persistent length is
increased and approaches l f -b/ln[(1 + cos θ0)/2].

The projection length is defined as the projection of
the end-to-end vector on the direction of the first bond

Inserting eq 9 into eq 18 and using eq 14 yields

For large N

When cos θ0 , 1 (p , 1) and âεs . 1, eq 17 reduces to
eq 20, and both definitions are equivalent. In the
temperature range e-âεs . p, R ≈ p exp(âεs) and the
persistent length varies with the temperature according
to lp/b ≈ 1 + p exp(âεs). When p . e-âεs, R ≈ 1 - exp-
(âεs) and the persistent length grows exponentially, lp/b
≈ exp(âεs). This is in contrast to lp ∼ â in the conven-
tional wormlike chain model, as will be discussed in the
following section. When âεs , 1, however, lp f b but l
f 0 because l is corresponding to a continuous chain
with l . b.

III. Results and Discussion
The rigidity of single-stranded polynucleotides is

mainly determined by the stacking interactions between
two consecutive bases along the strand. This leads to
sequence-dependent looping kinetics, intrinsically dif-
ferent from that of a wormlike chain.4 In this paper we
introduce a simple but physically motivated model to
describe the stacking-induced stiffness of a polymer.
When the excluded-volume interaction is neglected, the
static properties of a stacking chain can be derived
analytically. Monte Carlo simulations are performed to
calculate the static properties as volume interactions
are considered. The crossover behavior from flexible to
stiff chain can be evidently seen on the basis of those
static properties. The comparison between the wormlike
chain and the stacking chain are then made to demon-
strate their fundamental differences.

A. Structural Properties. The structural properties
change with the temperature, and the crossover from
flexible to stiff polymers can be clearly demonstrated
through end-to-end distance, radius of gyration, and
structure factor. Figure 2 depicts the variation of the
end-to-end distance with the temperature with and
without excluded-volume interactions for different chain
length. At low temperature (large âεs), the stacking
interactions tend to straighten the chain and lead to
large end-to-end distance. On the other hand, at high

temperature, the thermal energy dominates over the
stacking energy, and thereby the polymer displays the
behavior similar to an ideal chain or a hard-sphere
chain. As shown in Figure 2a for stacking chains
without volume interactions, 〈R2〉1/2 scaled with N1/2 for
different chain lengths collapse into a single curve at
high enough temperature. The Monte Carlo results
agree quite well with the theoretical expression, eq 15.
Similar behavior is observed for stacking chains with
volume interactions, as depicted in Figure 2b. Note that
〈R2〉1/2 is scaled with N3/5, which is the length scale
associated with the hard-sphere chain. Our results show
a monotonic dependence of size on temperature, which
disagrees with the prediction based on the modified
Zimm-Bragg model with the difference between the
monomer size in the stacked, helical state, and random-
coil configuration.21

In general, the radius gyration 〈Rg
2〉 is proportional

to the end-to-end distance 〈R2〉, and hence the effect of
chain length is canceled out in the ratio of the two
length scales. As a consequence, a plot of 〈Rg

2〉1/2/〈R2〉1/2

against temperature should yield a single curve for
different chain lengths, as shown in Figure 3. The length
ratio declines with decreasing temperature. At high
temperature, the ratio for the polymer without volume

〈cos θi,i+k〉 ) Rk ) e-kb/l, if b , l (16)

l ) - b
ln R

(17)

lp ) 1
b

〈r1‚R〉 (18)

lp )
1

b
∑
j)1

N-1

〈r1‚rj〉 ) b
1 - RN-1

1 - R
(19)

lp

b
) 1

1 - R
(20)

Figure 2. Variation of the end-to-end distance with the
temperature for different chain lengths (a) without and (b)
with excluded-volume interactions.
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interactions is about 1/x6, the Gaussian chain limit.
On the contrary, at low temperature, the ratio ap-
proaches the rigid-rod limit, 1/x12. For the chain with
volume interactions, 〈Rg

2〉1/2/〈R2〉1/2 at high temperature
is about 0.39, slightly less than the Gaussian chain
limit. Although there exists quantitative differences
between the stacking chains with and without excluded-
volume interactions, both types do display qualitatively
similar behavior.

The structural characteristics associated with a single
chain can be illustrated through the static structure
factor, which is calculated by10

where q denotes the scattering vector and q ) |q|. For
qRg , 1, the expansion of S(q) yields

On the other hand, the scaling analysis10 indicates that
S(q) is independent of N if qRg . 1

where ν is the exponent in 〈R2〉1/2 ∝ Nν. Figure 4a depicts
the variation of the structure factor with qRg for a
stacking chain with N ) 30. At relative high tempera-
ture the stacking energy can be overcome by the thermal
energy, and S(q) behaves close to an ideal chain (ν )
1/2, without volume interactions) or a hard-sphere chain
(ν = 3/5 with volume interactions). On the contrary, at
low enough temperature the stacking interaction domi-
nates over the thermal energy, and S(q) displays a
rodlike feature (ν ) 1) with and without excluded-
volume interactions. Because the polymer structure
changes with the temperature gradually, it is expected
that ν rises from about 3/5 to 1.0 as T is decreased.
Consequently, one is able to extract the exponent ν(T)

from the Kratky form, i.e., (qRg)2S(qRg) vs qRg. Figure
4b shows that the Kratky plot follows eq 21 for small
qRg and eq 22 for relative large qRg. The exponents are
ν = 0.66, 0.68, 0.72, 0.77, 0.93, and 1.0 for T ) 4.0, 3.0,
2.0, 1.5, 1.0, and 0.5, respectively. This consequence
confirms that the stacking chain varies from a random
coil to a stiff chain with decreasing temperature.

B. Comparison between a Wormlike Chain and
a Stacking Chain. It is worth comparing the behavior
of a stacking chain with that of a discrete wormlike
chain. Consider a linear chain with the bending energy
between two consecutive segments, then the total bend-
ing energy is26

where ui is the unit vector directing from bead i to bead
i + 1 and cos θi ) ui‚ui+1. The parameter κ represents
the local bending energy that controls the rigidity of the
chain. Note that the above equation is simply the
discrete realization of a continuous wormlike chain.

Figure 3. Length ratio of radius of gyration to end-to-end
distance is plotted against the temperature for different chain
lengths of a stacking polymer with and without volume
interactions.

S(q) ) 〈sin q‚(Ri - Rj)

q‚(Ri - Rj) 〉

S(q) = 1 - 1
3
(qRg)

2 + ... (21)

S(q) ∼ (qRg)
-1/ν (22)

Figure 4. (a) Variation of the static structure factor with qRg
at T ) 0.5 and 4.0 for N ) 30. (b) Kratky plot at different
temperatures for a stacking chain with volume interactions.

Ub )
κ

2
∑
i)1

N-2

(ui+1 - ui)
2 ) κ∑

i)1

N-2

(1 - cos θi) (23)
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When the volume interaction is neglected, the partition
function is given by

On the basis of eq 24, the internal energy and the heat
capacity can be calculated

and

When âκ is increased, the internal energy is monotoni-
cally increased and the heat capacity displays an
inflection point. Compared to the stacking chain, the
characteristic temperature associated with the crossover
from flexible to stiff polymer is absent on the basis of
the thermodynamic properties.

The structural properties of a discrete wormlike chain
can also be represented by eq 15 for mean square end-
to-end distance and by eq 17 for the persistent length.
The parameter R ) 〈cos θ〉 is given by

where R = âκ/3 as âκ , 1 and R = 1 - (âκ)-1 as âκ . 1.
The continuous limit in eq 16, b/l f 0, corresponds to

Substituting the above result into eq 15 recovers the
Kratky-Porod form, eq 1, with L ) (N - 1)b. When âκ
is large enough to ensure b/l , 1, comparing the above
results also gives the relation between the persistent
length and the temperature

which is consistent with that of a continuous wormlike
chain. Inserting eq 27 into eqs 15 and 17 for large N
shows monotonic increases in both 〈R2〉 and l with
increasing â. It should be emphasized that the energy
cost for bending depends on the radius of curvature in
a wormlike chain but on the number of stacking bonds
broken in a stacking chain. The persistent length of the
stacking chain varies inversely with the probability of
breaking base stacking: lp ∼ exp(εs/kBT), which is in
contrast to l ∼ κ/kBT in a wormlike chain. Therefore,
the behavior of the stacking chain is fundamentally
different from that associated with the wormlike chain.

C. Crossover Temperature. The pronounced fea-
ture of a stacking chain is the crossover temperature
Tc, which characterizes the crossover from a stiff chain
to a random coil. Both thermodynamic and structural
properties display such a crossover behavior. Neverthe-
less, the crossover temperature may vary with the
definition. Figure 5 shows the variation of the breakage
probability of the stacking interaction (equivalent to the

internal energy) with the temperature for different
chain lengths with and without excluded-volume inter-
actions. The MC results of the latter can be well
represented by the theoretical expression, eq 7. With
increasing T, the breakage probability approaches (1 +
cos θ0)/2 asymptotically, which simply reflects the
probability in the stacking free region due to random
orientation. Similar behavior is observed for polymers
with volume interactions. Nonetheless, as shown in
Figure 5, the hard-sphere interaction tends to expand
the coil and thereby favors the stacking bond formation.
In such a probability curve, the crossover temperature
Tc can be identified as the temperature at which 〈n〉/
(N - 2) ) 1/2 or ∂2〈U〉/∂T2 ) 0. According to eq 7, the
crossover temperature is simply

The crossover nature can also be exhibited through
the internal energy fluctuation. Figure 6 demonstrates
the variation of the heat capacity with the temperature
for different chain lengths with and without volume
interactions. A peak is observed, and the heat capacity
curve with volume interactions can be well represented
by eq 8. At low temperature, the chain is nearly straight,
and thus the behavior of Cv is essentially the same for
a stacking chain with and without volume interactions.
When the temperature is high enough, however, the
energy fluctuation associated with taking into account
the volume interaction is more significant because the
space for the stacking-free state is less available.
Nevertheless, the peaks of both cases occur at almost
the same temperature. In accordance with the heat
capacity curve, the crossover temperature can be defined
as the peak temperature

or

Zb )
1

(N - 2)!
∏
i)1

N-2∫0

π
exp[-âUb(θi)] sin θi dθi (24)

â〈U〉 ) (N - 2)[1 + âκ(1 - coth âκ)] (25)

Cv

kB
) (N - 2)[1 + (âκ)2(1 - coth2 âκ)] (26)

R )
∫0

π
exp[-âκ(1 - cos θ)] cos θ sin θ dθ

∫0

π
exp[-âκ(1 - cos θ)] sin θ dθ

)

coth âκ - 1
âκ

(27)

R ) exp(-b/l) = 1 - b/l

l
b

= âκ (28)

Figure 5. Variation of the unstacking probability (related to
the internal energy) with the temperature for different chain
lengths of a stacking chain with and without volume inter-
actions.

kBTc )
εs

ln p-1
(29)

∂Cv

∂T
) 0 ) (âcεs + 2)e-âcεs - p(âcεs - 2) (30)

âcεs = ln p-1 + ln ln p-1 + 2
ln p-1 - 2

(31)
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Evidently, the crossover temperatures are essentially
the same for definitions based on heat capacity and
internal energy when p-1 . 1 or (1 - cos θ0) , 1.

Similarly to the thermodynamic properties, the cross-
over temperature can also be defined by the structural
properties. Figure 7 depicts the variation of the persis-
tent length lp with the temperature. The persistent
length calculated by MC agrees quite well with the
theoretical expression, eq 19. At low temperature, the
persistent length for RN , 1 approaches 2b/(1 - cos θ0)
asymptotically. In other words, the upper limit of the
persistent length is about 44σ if cos θ0 ) 0.95. We can
define the crossover temperature T′c as the point of
∂2〈R2〉/∂2â ) 0 or ∂2lp/∂2â ) 0. Using eq 15 or 20 and
assuming p-1e- âcεs , 1 yields

The assumption is justified if p , 1. The above results
show that the crossover temperature is determined by
the stacking energy and the critical angle. The latter
reflects the entropy associated with the stacked bond
(available space for stacking bond fluctuation). When
the critical angle approaches zero, the thermal fluctua-
tion in the stacked-free space comes to dominate over
the stacking energy gain, and the random coil is
preferred rather than the stiff chain. Thereby, the
crossover occurs at temperatures close to zero. It is
interesting to find that the crossover temperature based
on the thermodynamic property is twice that based on
the structural property, i.e., Tc ) 2T′c if p , 1. This
consequence indicates that the crossover of thermo-
dynamic properties always takes place at higher tem-
perature than that associated with structural proper-
ties.

In our stacking chain model, both the bases and
sugars are absorbed in the coarse-grained segment. The
stacking interaction between the bases, which in reality
are side groups that stick out from the linear backbone
of the polymer, is effectively accounted for via an polar
angle-dependent potential. In reality, destacking could
also occur at a fixed bond angle via a rotation about the
azimuthal angle. Most of the previous work simply
adopted vertical stacking interactions between neigh-
boring base pairs in the nearest-neighbor approxi-
mation.18-21 The microscopic detail was not considered.
Although we adopt local cylindrical symmetry assump-
tion for the stacking interaction, our model grasps the
essential feature of a stacking chain. Introducing azi-
muthal angle dependence is straightforward and will
not affect the qualitative behavior of the stacking chain.
In addition, those large residues would have an impact
on the effective Kuhn length, which can be studied by
atomistic models. In this paper, however, we focus on
the same coarse-grained level as the wormlike chain.
As a consequence, the effect of large residues is simply
taken into account by the excluded-volume interaction
between segments. Our MC results indicate that the
qualitative behavior of the stacking chain with/without
excluded-volume interactions is similar.

We have investigated the static properties of a linear
polymer whose stiffness is primarily contributed by the
stacking interaction between consecutive segments. A
simple but physical motivated model for the stacking
interaction is proposed. The behavior of the stacking
chain is fundamentally different from the wormlike
chain. The persistent length of the former varies with
the temperature by lp ∝ exp(εs/kBT), but the persistent
length of the latter follows lp ∝ κ/kBT. Moreover, the
crossover happening in the stiff-to-flexible chain can be
characterized by the crossover temperature for the
stacking polymer. However, it is absent in the wormlike
polymer. The crossover temperature is proportional to
the stacking energy, which depends on the solvent
environment. A typical stacking energy for AA pairs is
about 10 kJ/mol.27,28 The crossover temperature depends
also on the critical angle, which can be determined from
experiments such as internal energy measurement. If
one adopts cos θ0 ) 0.95, then the crossover temperature
based on structural properties is roughly 250 K and that
based on thermodynamic properties is about 390 K. As
a consequence, such a stacking chain in the temperature
range for an aqueous solution happens to in the stiff-
to-flexible crossover regime and therefore is sensitive
to the change in temperature.

Figure 6. Variation of the heat capacity with the temperature
for different chain lengths of a stacking chain with and without
volume interactions.

Figure 7. Plot of the persistent length against the temper-
ature for different chain lengths of a stacking chain without
volume interactions.

â′cεs = 2 ln p-1 + p
1 - cos θ0

2
(32)
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