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Abstract The influence of molecular structure disor-
ders and physiological temperature on the states and
properties of solitons as transporters of bio-energy are
numerically studied through the fourth-order Runge-
Kutta method and a new theory based on my paper
[Front. Phys. China, 2007, 2(4): 469]. The structure dis-
orders include fluctuations in the characteristic parame-
ters of the spring constant, dipole-dipole interaction con-
stant and exciton-phonon coupling constant, as well as
the chain-chain interaction coefficient among the three
channels and ground state energy resulting from the dis-
order distributions of masses of amino acid residues and
impurities. In this paper, we investigate the behav-
iors and states of solitons in a single protein molecu-
lar chain, and in α-Helix protein molecules with three
channels. In the former we prove first that the new soli-
tons can move without dispersion, retaining its shape,
velocity and energy in a uniform and periodic protein
molecule. In this case of structure disorder, the fluctu-
ations of the spring constant, dipole-dipole interaction
constant and exciton-phonon coupling constant, as well
as the ground state energy and the disorder distribu-
tions of masses of amino acid residues of the proteins
influence the states and properties of motion of solitons.
However, they are still quite stable and are very robust
against these structure disorders, even in the presence of
larger disorders in the sequence of masses, spring con-
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stants and coupling constants. Still, the solitons may
disperse or be destroyed when the disorder distribution
of the masses and fluctuations of structure parameters
are quite great. If the effect of thermal perturbation of
the environment on the soliton in nonuniform proteins is
considered again, it is still thermally stable at the biolog-
ical temperature of 300 K, and at the longer time period
of 300 ps and larger spacing of 400 amino acids. The
new soliton is also thermally stable in the case of motion
over a long time period of 300 ps in the region of 300−
320 K under the influence of the above structure dis-
orders. However, the soliton disperses in the case of
a higher temperature of 325 K and in larger structure
disorders. Thus, we determine that the soliton’s life-
time and critical temperature are 300 ps and 300−320
K, respectively. These results are also consistent with
analytical data obtained via quantum perturbed theory.
In α-helix protein molecules with three channels, results
obtained show that these structure disorders and quan-
tum fluctuations can change the states and features of
solitons, decrease their amplitudes, energies and veloc-
ities, but they still cannot destroy the solitons, which
can still transport steadily along the molecular chains
while retaining energy and momentum when the quan-
tum fluctuations are small, such as in structure disor-
ders and quantum fluctuations of 0.67 < αk < 2, ΔW =
±8%W , ΔJ = ±1%J, Δ(χ1 + χ2) = ±3%(χ1 + χ2) and
ΔL = ±1%L and Δε0 = ε|βn|, ε=0.1 meV, |βn| < 0.5.
Therefore, the solitons in the improved model are quite
robust against these disorder effects. However, the soli-
tons may be dispersed or disrupted in cases of very large
structure disorders. When the influence of temperature
on solitons is considered, we find that the new solitons
can transport steadily over 333 amino acid residues in
the case of motion over a long time period of 120 ps, and
can retain their shapes and energies to travel forward
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along protein molecules after mutual collision of the soli-
tons at the biological temperature of 300 K. Therefore,
the soliton is also very robust against thermal perturba-
tion of the α-helix protein molecules at 300 K. However,
the soliton disperses in cases of higher temperatures at
325 K and in larger structure disorders. Thus, their crit-
ical temperature is about 320 K. When the effects of
structure disorder and temperature are considered simul-
taneously, the soliton has high thermal stability and can
transport for a long time along the protein molecular
chains while retaining its amplitude, energy and veloc-
ity, even though the fluctuations of the structure parame-
ters and temperature of the medium increase continually.
However, the soliton disperses in the larger fluctuations
of 0.67M < Mk < 2M , Δ(χ1 + χ2) = ±2%(χ1 + χ2),
ΔJ = ±1.3%J, ΔW = ±6%W , ΔL = ±1.5%L and
Δε0 = ε |βn|, ε=0.82 meV, |βn| � 0.5 at T=300 K, and
at temperatures higher than 315 K when the fluctuations
are 0.67M < Mk < 2M , Δ(χ1 + χ2) = ±1%(χ1 + χ2),
ΔJ = ±0.7%J, ΔW = ±7%W , ΔL = ±0.8%L and
Δε0 = ε |βn|, ε=0.4 meV, |βn| �0.5. This means that the
critical temperature of the soliton is only 315 K in this
condition. In a word, we can conclude from the above
investigations that the soliton in the improved model is
very robust against the structure disorders and thermal
perturbation of proteins at the biological temperature
of 300 K in α-helix protein molecules, and is a possi-
ble bio-energy transport carrier; the improved model is
a possible candidate for the mechanism of this transport.

Keywords protein molecule, biological energy, soli-
ton stability, structure disorder, temperature, exciton,
Runge-Kutta way, numerical simulation

PACS numbers 87.15.H-, 31.50.-x, 36.20.-r
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We know that bio-energy transport is a fundamental pro-
cess in living systems, and a lot of biological phenomena,
for example, muscle contraction, DNA replication, neu-
ral information transfer along cell membranes, and the
work of sodium and calcium pumps, are all associated
with this process, where the energy is released by hydrol-
ysis of adenosin triphosphate (ATP). Therefore, to study
bio-energy transport in protein molecules is a very im-
portant problem in biology. However, understanding the
mechanism of energy transport is a long-standing prob-
lem that remains of great interest up to now. One can
assume that the energy is stored as vibrational energy
in the C=O stretching mode (amide-I) of α-helix protein
molecules with three channels, as shown in Fig. 1. Thus,
Davydov first proposed a theory of bio-energy transport
in proteins in the 1970s [2− 4]. Following Davydov’s

idea [2−4], the mechanism of energy transport can be
described as follows: The stretching vibration of C=O
in the proteins results in the deformation of amino acid
molecules; a coupling interaction between the amide-I
vibrational quantum (exciton) and a deformation of the
amino acid lattice occurs; through the nonlinear coupling
interaction, the exciton is then self-trapped as a soliton
[2−4]. It, together with the deformed lattice, can move
over macroscopic distances along the protein molecular
chains, retaining its wave shape, energy and momentum,
as well as the other properties of a quasi-particle. This is
just the Davydov model for bio-energy transport which
he first proposed in α-helix protein molecules in Fig. 1
in the 1970s [1]. Davydov’s idea yields a compelling pic-
ture of the mechanism of bio-energy transport in protein
molecules and consequently has been the subject of a
large number of work [2−16]. Problems related to the
Davydov model, including the foundation and accuracy
of his theory, the quantum and classical properties, and
the thermal stability and lifetime of the Davydov soliton,
have been extensively studied by many scientists [5−35].
Further, considerable controversy has arisen in recent
years over whether the Davydov soliton is sufficiently
stable in the region of biological temperatures to provide
a viable explanation for bio-energy transport. Many nu-
merical simulations [13−34] have been based essentially
on classical motion and are subject to the criticism that
they are likely to yield equations with unreliable esti-
mates for the stability of the soliton since the dynam-
ics of the soliton are not determined by the Schrödinger
equation [6]. For the thermal equilibrium properties of
the Davydov soliton there is quantum Monte Carlo sim-
ulation [31, 32]. In the simulation, correlation charac-
teristics of soliton-like quasi-particles occur only at low
temperatures(about T <10 K) for widely accepted pa-
rameter values. This is consistent at a qualitative level
with the result of Cottingham et al. [33, 34]. The latter is
a straightforward quantum-mechanical perturbation cal-
culation, in which the lifetime of the Davydov soliton
obtained is too small (about 10−12 − 10−13 s) to be use-
ful in biological processes. This shows clearly that the
Davydov soliton is not a true wave function of biolog-
ical systems. It is then necessary to reform Davydov’s
wave function. Scientists have thought that the soliton
with a multiquantum state (n > 2), for example, Brown
et al.’s coherent state [13−17], and Kerr et al.’s [29, 30]
and Schweitzer et al.’s [33, 34] multiquantum state, and
Cruzeiro–Hansson’s [22−24] and Förner’s [25−28] two
quantum state, and so on, would be thermally stable in
the region of biological temperatures, and could provide
a realistic mechanism for the bio-energy transport in the
protein molecules. However, the assumption of the stan-
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dard coherent state is unsuitable or impossible for pro-
tein molecules because the number of particles in this
state is innumerable and one cannot retain conservation
of the number of particles of the system. The assumption
of a multiquantum state (n > 2) along with a coherent
state also entails that the energy released in ATP hy-
drolysis (about 0.43 eV) can excite only two quanta of
amide-I vibration. On the other hand, Cruzeiro-Hansson
[9] thought that Förner’s two-quantum state in the semi-
classical case was not exact. We prove that the Cruzeiro-
Hansson’s ansatz contains four excitons (quanta) [17],
instead of two excitons. Obviously, it is not possible at
all to create the four excitons from the energy released
in ATP hydrolysis alone.

Fig. 1 Molecular structure of α-helix protein.

Based on the work of Cruzeiro-Hansson and Förner,
and so on, we improve and develop [36−76] the Davydov
model by simultaneously changing the Hamiltonian and
the wave function of the system. We add a new coupling
interaction between the acoustic phonon and amide-I
vibrational modes into the original Davydov’s Hamil-
tonian, and replace the one-quantum (exciton) state
in Davydov’s wave function with a quasi-coherent two-
quantum state. Thus, the equation of motion and the
properties of the soliton excited in the improved model
are completely different from that in the Davydov model.
I suppose that this model could resolve the controversy

on the thermal stability and lifetime of the soliton ex-
cited in protein molecules. In our theory, the wave func-
tion and Hamiltonian of the protein molecules with one-
channel is represented by [36−76]

|Φ(t)〉 = |a(t)〉|β(t)〉

=
1
λ

⎡
⎣1 +

∑
n

an(t)B+
n +

1
2!

(∑
n

an(t)B+
n

)2
⎤
⎦ |0〉ex

· exp

{
− i

�

∑
n

[βn(t)Pn − πn(t)un]

}
|0〉ph (1)

and

H = Hex + Hph + Hint

=
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[χ1 (un+1 − un−1)B+
n Bn

+χ2(un+1 − un)(B+
n+1Bn + B+

n Bn+1)] (2)

where B+
n and Bn are the Boson creation and annihila-

tion operators for the exciton, respectively, and |0〉ex and
|0〉ph are the ground states of the exciton and phonon,
respectively; un and Pn are the displacement and mo-
mentum operators of the amino acid residue in site n,
respectively; the an(t), βn(t) = 〈Φ|un|Φ(t)〉 and πn(t) =
〈Φ(t)|Pn|Φ(t)〉 are three sets of unknown functions,
and λ is a normalization constant, where ε0 = �ω0=
1665 cm−1=0.2035 eV is the excitation energy of an iso-
lated amide-I oscillator or energy of the exciton (the
C = 0 stretching mode). The present nonlinear cou-
pling constants are χ1 and χ2, which represent the mod-
ulations of the one-site energy and resonant (or dipole-
dipole) interaction energy for the excitons caused by the
displacement of the amino acid residue, respectively. M

is the mass of an amino acid residue, W is the elasticity
constant of the protein, and J is the dipole-dipole inter-
action energy between neighbouring amino acids, while
|0〉ph and |0〉ex are vacuum states of the phonon and exci-
ton, respectively. Hex here describes Boson-type Frenkel
excitons excited by the energy released from ATP hy-
drolysis in the protein molecules, Hph describes a har-
monic feature of amino acid residues, Hint represents the
interaction between the two modes of motion. Usually
for all parameters in Eqs. (1) and (2) site-independent
mean values are used. The average value of the dipole-
dipole coupling between neighboring amide-I oscillators
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is J=0.967 meV. The average spring constant of the hy-
drogen bonds is taken usually to be W=13 N/m. The
average mass M is taken as that of myosine (M=114mp,
mp is a proton mass). For χ1 the experimental value is
62 pN, χ2 = 10 − 15 pN for the protein molecules with
one channel.

The Hamiltonian and wave function shown in Eqs. (1)
and (2) are different from Davydov’s Haniltonian and
wave function. We have added a new interaction term,∑

n

χ2(un+1−un)(B+
n+1Bn +B+

n Bn+1), into the original

Davydov’s Hamiltonian. Thus, the Hamiltonian now has
better correspondence for the interactions and can also
represent features of the mutual correlations of the collec-
tive excitations and motions of quasi-particles in the pro-
tein molecules. The present wave function of the exciton
in Eq. (1) is not an excitation state of a single-particle,
but a coherent state, or more accurately, a quasi-coherent
state. It retains only three terms of the expansion of a
standard coherent state, which is mathematically justi-
fied in the case of small an(t) (i. e., |an(t)| � 1), and it
can be viewed as an effective truncation of a standard co-
herent state. Therefore, we call |a(t)〉a a quasi-coherent
state. However, it is not an eigenstate of the number
operator, N̂ = ΣnB+

n Bn, but a coherent superposition
of the excitonic state with two quanta and the ground
state of the exciton. However, in this state the number of
quanta is determinate, instead of innumerable. To find
out how many excitons this state contains, we have to
compute the expectation value of the number operator N̂

in this state and sum over the sites. The average number
of excitons for this state is

N = 〈a(t)
∣∣∣N̂
∣∣∣ a(t)〉=

∑
n

〈a(t)
∣∣B+

n Bn

∣∣ a(t)〉=2 There-

fore, it really contains two excitons. Thus, we see
that the improved model is completely different from
the Davydov model, and the results obtained from this
model are fully different from that of the Davydov model.
The distinctions between the two models are shown in
Table 1 [36−55]. From Table 1 we know that the im-
proved model repulses and avoids the shortcoming of the
Davydov model [2−4]; the new soliton in the model is
thermally stable at the biological temperature of 300 K

and has a long enough lifetime, thus it can play an im-
portant role in biological processes, i.e., the new soliton
is a very good carrier for bio-energy transport in protein
molecules of living systems.

However, the above results were obtained analytically,
in which the protein molecules are single chains and
thought to be periodic systems; all physical parame-
ters of the protein molecules were used in terms of their
average values, and some approximation methods, con-
taining long-wave approximation, continuum approxima-
tion, and so on, were used in the calculations. In prac-
tice, the biological proteins consist of 20 different amino
acid residues with molecular weights between 75 mp

(glycine) and 204 mp (tryptophan), which correspond
to variations in mass between 0.67M < M < 1.8M ,
where M=114 mp is the average mass of an amino acid
residue and mp is the proton mass. Therefore, the pro-
tein molecules are not periodic but disordered or nonuni-
form in structure. This structural aperiodicity neces-
sarily results in fluctuations of the spring constant, the
dipole-dipole interaction, the exciton-phonon coupling
constant, the diagonal disorder and the chain-chain inter-
action among the molecular channels. In α-Helix protein
molecules with three channels, there are also chain-chain
interactions among the three channels, which carry a dis-
persive effect and further influence the states of the new
solitons. Thus, the states of new solitons will be changed
because Careri et al.’s investigations [77, 78] appear to in-
dicate that even relatively small amounts of disorder in
an amorphous film of acetanilide (ACN), a protein-like
crystal (i.e., molecular structure of acetanilide crystal is
quite analogous to an α-helix protein), is enough to de-
stroy the spectral signature of a “soliton”. In such a case,
it is very necessary to study the properties of the soliton
in the bio-energy transport process in disordered pro-
tein molecules. In this paper we will study the influence
of structure disorders and temperatures of systems on
the features of solitons excited in a single protein chain
as well as in α-helix protein molecules with three chan-
nels (shown in Fig. 1) via numerical simulation and the
fourth-order Runge-Kutta method [79, 80] in which no
approximation methods are used. We will see that the

Table 1 Comparison of features of the solitons in the improved model and the Davydov model.

Model The features of the solitons

Nonlinear

interaction

G/(10−21J)

Amplitude
Width

/(10−10m)

Binding

energy

/(10−21J)

Lifetime at

300 K/s

Thermal

stability at

300 K

Critical

temperature

/K

Number of amino

acids traveled by

the soliton in

a lifetime

Our model 3.8 1.72 4.95 −7.8 10−9 − 10−10 Stable 320 Several hundreds

Davydov model 1.18 0.974 14.88 −0.188 10−12 − 10−13 Unstable <200 Less than 10
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soliton is still very robust against such structural dis-
orders of the protein molecules. In Section 2 we first
investigate the states and behaviors of the solitons in a
single protein molecular chain. In Section 3 we further
study the properties and states of the solitons in the α-
Helix protein molecules with three channels. In Section
4 we state the conclusions of this paper.
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2.1 Calculation method

Utilizing Eqs. (1), (2) and from the following Schrö-
dinger equation and Heisenberg equation:

i�
∂

∂t
|Φ(t)〉 = H |Φ|(t)〉 (3)

and

i�
∂

∂t
〈|Φ(t)|un|Φ(t)〉 = 〈Φ(t) |[un, H ]|Φ(t)〉 (4)

i�
∂

∂t
〈Φ(t) |Pn|Φ(t) = 〈Φ(t) |[Pn, H ]|Φ(t)〉 (5)

we can obtain

i�ȧn(t) = ε0an(t) − J [an+1(t) + an−1(t)]

+χ1[qn+1(t) − qn−1(t)]an(t) + χ2[qn+1(t)

−qn(t)][an+1(t) + an−1(t)] +
5
2
{w(t)

−1
2

∑
m

qm(t)πm(t) − π̇m(t)q̇m(t)]}an(t) (6)

Mq̈n(t) = W [qn+1(t) − 2qn(t) + qn−1(t)]

+2χ1[|an+1|2 − |an−1|2]
+2χ2{a∗

n(t)[an+1(t) − an−1(t)]

+an(t)[a∗
n+1(t) − a∗

n−1(t)]} (7)

using transformation: an(t) → an exp (iε0t/h) we can
eliminate the term ε0an(t) in Eq. (6). Again making a
transformation: an(t) = an(t)rn + ia(t)in, then Eqs. (6)
and (7) become

�ȧrn = −J(ain+1 + ain−1) + χ1(qn+1 − qn−1)ain

+χ2(qn+1 − qn)(ain+1 + ain−1) (8)

−�ȧin = −J(arn+1 + arn−1) + χ1(qn+1 − qn−1)arn

+χ2(qn+1 − qn)(arn+1 + arn−1) (9)

q̇n = yn/M (10)

ẏn = W (qn+1 − 2qn + qn−1)

+2χ1(ar2
n+1 + ai2n+1 − ar2

n−1 − ai2n−1)

+4χ2[arn(arn+1 − arn−1)

+ain(ain+1 − ain−1)] (11)

|an|2 = |arn|2 + |ain|2 (12)

where arn and ain are real and imaginary parts of an.
The solutions of Eqs. (8)−(11) are listed in the Ap-
pendix.

The above equations can determine states and behav-
iors of the new soliton. There are four equations for
one peptide group [79, 80]. Therefore, for the protein
molecules constructed by N amino acids there are 4N as-
sociated equations. When the fourth-order Runge-Kutta
method is used to numerically calculate the solutions of
the above equations we should discretize them. Thus
the n is replaced by j and let the time be denoted by
n, the step length of the space variable is denoted by h

in the above equations. The system of units, eV for
energy, Å for length, and ps for time, are proven to
be suitable for the numerical solutions of Eqs. (6) and
(7). For a numerical simulation obtained by the fourth-
order Runge-Kutta method [18], we require that the fol-
lowing conditions must be satisfied: the total energy
E=〈Φ(t)|H |Φ(t)〉=constant (up to 0.0012 %); a possible
imaginary part of the energy which can occur due to nu-
merical inaccuracies is zero to an accuracy of 0.001 feV;
and the norm is conserved up to 0.3pp(parts per million).
An initial excitation is required in this calculation, and it
is chosen as, an(0) = A sech [(n−n0) (χ1 +χ2)2/(4JW )]
(where A is the normalization constant) at the size n,
for the applied lattice, qn(0) = πn(0)=0. The molecular
chain is fixed, N is chosen to be N = 50, and a time step
size of 0.0195 is used in the simulations. Total numerical
simulation is performed through data parallel algorithms
and MATLAB language.

2.2 Influence of structure disorder on the soliton

2.2.1 Numerical results for free motion in the uniform
periodic chains

In utilizing the above average values for the parameter,
M , W, ε0, J, χ1 and χ2, we calculate numerically the so-
lution of Eqs. (8)−(11) by using the fourth-order Runge-
Kutta method [79, 80] in uniform and periodic proteins,
where |aj|2 is the probability of the soliton occurring at
the jth amino acid molecule. Thus, we can plot the state
of the soliton in time-place. The result is shown in Fig. 2.
This figure shows that the amplitude of the solution can
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retain constancy. In Figs. 3 and 4 we show the propa-
gation behavior of the solution for a long time period of
300 ps, and the collision property of two solitons, respec-
tively. From the figures we see that the solution is very
stable while in motion for a long time period. There-
fore, Eqs. (9) and (10) have exactly soliton solutions in
uniform and periodic proteins.

Fig. 2 Soliton solution of Eqs. (3) and (4) in uniform chains.

Fig. 3 State of the new soliton in the cases of a long time period
of 300 ps and long spacings of 400.

2.2.2 Influence of mass disorders and the spring con-
stant on the new soliton

As mentioned above, the biological protein consists of
20 different amino acid molecules with weights between
75 mp (glycine) and 204 mp (tryptophane), which corre-
spond to weight variations between 0.67M and 1.80 M .
Therefore it is not a periodic, but an aperiodic system,
and there is a disordered distribution in mass sequences
of the amino acids. In order to study the influence of

a random series of masses in the proteins on the new
soliton, here we introduce a parameter αk, representing
the size of the disorder distribution, which is a random-
number generator with equal probability within a pre-
scribed interval and can denote the mass at each point
in the molecular chain, i.e. Mk = αkM . Numerical sim-
ulation shows that when the αk is small, for example,
a natural 0.67 M � Mn � 1.80M , the state of the new
soliton is not influenced. Up to the αk intervals of, for ex-
ample, 0.67 � αk � 300, the stability of the new soliton
may still remain, but in the case of large intervals such
as 0.67 � αk � 700, the vibrational energy is dispersed,
as shown in Fig. 5. The interval of 0.67� αk �300, over
which the motion of the new soliton is unperturbed, is
evidently larger than the above natural interval of masses
of the amino acids. Thus, the new soliton is very robust
against mass disorder in the proteins.

However, in the above calculation we do not consider
the changes in structural features of proteins arising from
the disorder of masses of amino acids, which will in
turn result in changes of the structural parameters, for
example, the spring constant W, dipole-dipole interac-
tion constant J, coupling constant (χ1 + χ2), and the
ground state energy ε0 in Eqs. (4) and (5). According
to Forner’s method [18, 19] the changes in parameters
are represented by their fluctuations of average incre-
ments, ΔW = W − W , ΔJ = J − J , Δ(χ1 + χ2) =
(χ1 + χ2) − (χ1 + χ2) and Δε0 = ε0 − ε0, respectively,
where W, J, (χ1 + χ2) and ε0 are the values of the pa-
rameters in the protein molecules without the structural
disorders. However, for the variation in ground state en-
ergy arising from imported impurities or from the mass
disorder, we usually use the random number generator,
|βn|, to designate its random feature, i.e., the Δε0 is de-
noted by Δε0 = ε |βn|. In the following we study the
collective effects of these fluctuations on the new soliton

Fig. 4 The collision behavior of two solitons for Eqs. (8)−(11).

Fig. 5 The state of the new soliton at 0.67< αk < 300 (a) and at 0.67 < αk < 700 (b).
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Fig. 6 States of the new soliton in the case of 0.67� αk �2 and changes ΔW = ±20%W(a), ±30%W(b), ±40%W (c), ±50%W(d),
±60%W (e), ±70%W (f).

Fig. 7 The states of the new soliton in the case of the mass interval 0.67� αk �2 as it changes at ΔJ = ±5%J(a), ΔJ = ±10%J(b),
ΔJ = ±15%J(c), ΔJ = ±20%J(d).

along this idea of research.
In Fig. 6 we show the changes in stability of a new

soliton, with increasing fluctuations of the spring con-
stant W in the case of a mass interval of 0.67� αk �2.
We see that up to a random variation of ±40%W , the
dynamics of the soliton have not changed. For ±50%W ,
the soliton disperses somewhat, but its velocity is only
somewhat diminished, when compared to the earlier W

case W . Finally, for ±70%W , the soliton disperses and
its propagation is irregular, as shown in Fig. 6.

2.2.3 Influence of disorder of mass sequence and fluc-
tuations of interaction constant J

The soliton in the improved model is, in general, more
sensitive to the variations in the dipole-dipole interaction
constant J caused by the structural disorder when com-
pared with the other parameters. The simulation shows
that for a variation in J alone, the soliton is stable up to
±9%J , and it disperses at ΔJ = ±15%J. If we simulta-
neously consider the collective effects of disorder of mass
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sequence and fluctuation of J on the new soliton, then
its state is obviously changed. In Fig. 7 we show the col-
lective effect of the fluctuations ΔJ = ±5%J, = ±10%J,
=±15%J, = ±20%J, on the soliton in the case of a mass
interval of 0.67� αk �2. From these figures we see
clearly that the new soliton is stable at ΔJ � 9%J , but
it disperses at ΔJ = ±15%J, and disperses significantly
at ΔJ = ±20%J.

2.2.4 Variations of the states of the new solitons resul-
ting from the mass disorder and variations of coupling
constant (χ1 + χ2)

The numerical calculation shows that, arising from the
disorder of structure, if the coupling constant (χ1 + χ2)
alone is changed, (χ1 + χ2) can be varied to ±25%
(χ1 + χ2), and in this case the new soliton does not dis-
perse. However, for a fluctuation together with natural
mass variation, the stability of the new soliton will be
changed. In Fig.8 we illustrate the changes in the states
of new solitons with increasing fluctuations of (χ1 + χ2)
at 0.67M � M �2M . We see from this figure that only
at Δ(χ1+χ2) < 25%(χ1+χ2) are the new solitons stable,
but they obviously disperse at Δ(χ1+χ2)=35%(χ1+χ2).

2.2.5 Synthetic influence of mass disorders and fluct-
uations of the spring constant and interaction constant

We also study the collective effect of fluctuations of the
spring constant and dipole-dipole interaction on the sta-
bility of a new soliton in the case of a mass interval of
0.67� αk �2. In Fig. 9 we show the changes in sta-
bility of the new soliton with an increasing spring con-

stant at ΔJ = ±10%J . From this figure we see that
up to a random variation of ±30%W , the dynamics of
the new soliton can be maintained. For ±40%W , the
soliton disperses somewhat, and its velocity is somewhat
diminished. Finally, for ±50%W , the soliton disperses
and its propagation becomes irregular. In Fig.10 we plot
the evolution of new solitons with an increasing spring
constant in the case of a mass interval of 0.67� αk �2
and ΔJ = ±15%J. We know from this figure that the
stability of the new soliton is changed when compared
with Fig. 9. The soliton is only stable at a random vari-
ation of ±20%W , disperses at ± 30%W , and is destroyed
at ±50%W . Obviously, this is due to the increasing fluc-
tuations of the dipole-dipole interactions in the proteins.

2.2.6 Combined influence of the mass disorder and ch-
anges in the coupling constant and spring constant on
the new solitons

In Fig. 11 we show variations in the properties of the new
solitons arising from mass disorder and fluctuations of
coupling and spring constants. From this figure we find
that the soliton is only stable at fluctuations of ΔW =
±30%W and Δ(χ1 + χ2) = 20%(χ1 + χ2) in the case
of a mass interval of 0.67� αk �2. With an increasing
spring constant the soliton disperses gradually. Up to
Δ(χ1 +χ2) = 25%(χ1 +χ2), we find that the new soliton
is still stable, at 0.67� αk �2 and ΔW = ±10%W , but
it disperses at 0.67� αk �2 and ΔW = ±40%W , and
is disrupted at 0.67� αk �2 and ΔW = ±70% W and
Δ(χ1 +χ2) = 20%(χ1 +χ2). Meanwhile, its propagation
is irregular at 0.67� αk �2 and ΔW = ± 50%W . These
results are shown in Fig. 12.

Fig. 8 The states of new solitons in the cases of a mass interval of 0.67� αk �2 and changes of Δ(χ1 + χ2) = ±10% (χ1 + χ2)(a),
±25% (χ1 + χ2)(b), ±30% (χ1 + χ2)(c) and ±35% (χ1 + χ2)(d).
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Fig. 9 The stability of new solitons in the case of a mass interval of 0.67� αk �2 and changes of ΔJ = ±10%J with random variations
of ±20%W (a), ±30%W (b), ±40%W (c), ±47%W (d), ±50%W(e).

Fig. 10 the properties of new solitons at 0.67� αk �2 and ΔJ = ±15%J and ±20%W (a), ±30%W(b), ±40%W (c), ±50%W (d).

2.2.7 Collective effects of mass disorder and fluctua-
tions of the spring constant, interaction constant and
coupling constant on the new soliton

It is quite necessary to collect the combined effect of
random variations of the above physical parameters re-
sulting from structural disorders on the properties of the
new soliton. The changes of states of solitons with in-
creasing interaction constants in the case of 0.67� αk �2

and Δ(χ1 + χ2) = 10%(χ1 + χ2) and ΔW = ±20%W

are plotted in Fig. 13. We see from this figure that the
soliton is stable at ΔJ = ±2.5%J, begins to disperse at
ΔJ = ±10%J , obviously disperses at ΔJ = ±20%J, and
is destroyed at ΔJ =±25%J. We show the states of the
solitons for different ΔJ and ΔW in the case of 0.67�
αk �2 and ΔJ = ±10%J in Fig. 14. We find no change
in the dynamics of the new soliton at ΔW = ± 25% W

and ΔJ = ±10%J, but it begins dispersing at ΔW =
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Fig. 11 The states of the new soliton at 0.67� αk �2 and Δ(χ1 + χ2) = ±20% (χ1 + χ2) and ΔW = ±20%W(a), ±50%W(b),
±60%W (c), ±70%W (d).

Fig. 12 The properties of the new soliton at 0.67� αk �2 and Δ(χ1 + χ2) = ±25% (χ1 + χ2) and ΔW = ±20%W (a), ±40%W(b),
±50%W (c).
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Fig. 13 The condition of the new soliton at 0.67� αk �2 and Δ(χ1+χ2) = ±10% (χ1 + χ2) and ΔW = ±20%W for ΔJ = ±2.5%J(a),
ΔJ = ±10%J(b), ΔJ = ±15%J(c), ΔJ = ±20%J(d), ΔJ = ±25%J(e).

Fig. 14 The stability of the soliton at 0.67� αk �2 and Δ(χ1 + χ2) = ±10% (χ1 + χ2) and ΔW = ±30%W , ΔJ = ±15%J(a) and
ΔW = ±25%W , ΔJ = ±15%J (b) and ΔW = ±25%W , ΔJ = ±10%J(c).

±30%W , ΔJ = ±15%J, and disperses considerably at
ΔW = ±25%W , ΔJ = ±15%J.

2.2.8 Combined effects of mass disorder and diagonal
disorder, and fluctuations of the spring constant, inte-
raction constant and the coupling constant on the new
soliton

We are more interested in the collective effect of simul-
taneous random-variations of the above five parameters
resulting from structural disorders on the new soliton.
In general, the new soliton is very sensitive to the di-
agonal disorder, which is the change in ground state
energy, Δε0, caused by different side groups of amino
acids and local geometric distortions due to the impu-
rities imported. We found that for an isolated impu-
rity in the middle of the chain, which causes the change
in the energy to be Δε0 = εδn, the soliton can pass
the impurity only if ε <1 meV. In other cases it is re-
flected or dispersed. In the case of a random sequence,
Δε0 = ε |βn| , |βn| � 0.5, βn is a random parameter, and
only when ε < 1 meV can the soliton pass the impurity
to propagate along the chains. For higher values of ε the
soliton is dispersed. When the diagonal disorder occurs
together with fluctuations of the other four parameters,
the state of the new soliton is changed obviously. The
states of solitons with an increasing spring constant in

the case of 0.67� αk � 2, Δ(χ1 + χ2) = 5%(χ1 + χ2),
ΔJ = ±5%J and Δε0 = ε |βn| , |βn| � 0.5, ε < 1 meV
are given in Fig. 15. We see from this figure that
when the five parameters are all randomly varied, a
maximal disorder that would occur still with the soli-
ton in motion, is ΔW = ±10%W , ΔJ = ±5%J,
Δ(χ1 + χ2) = ±5%(χ1 + χ2), 0.67M � M � 2M and
Δε0 = ε |βn| , |βn| � 0.5, ε = 1 meV. In other cases the
soliton is dispersed or reflected by the impurity. This
phenomenon is observed in Fig.16. In this figure we
exhibit clearly the changes in state of the new soliton
due to simultaneous variations in the above five param-
eters. However, the soliton is reflected by the impu-
rity at ΔW = ±20%W, ΔJ = ±5%J, Δ(χ1 + χ2) =
±7%(χ1 + χ2), 0.67M � M � 2M , ε =1 meV, and
Δε0 = ε |βn| , |βn| � 0.5, and it is disrupted at ΔW =
±20%W , ΔJ = ±10%J , Δ(χ1 + χ2) = ±9%(χ1 + χ2),
0.67M < M < 2M and Δε0 = ε |βn| , |βn| � 0.5, ε=
1 meV.

In summary, we have looked at the stability of new
solitons under the influence of various structural disor-
ders in the proteins via the fourth-order Runge-Kutta
method which can identify and check the stability of
state of a new soliton transporting bio-energy. The above
results definitely show that the new solitons in the im-
proved model are very robust against these structural
disorders. However, the Davydov soliton with one quan-
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Fig. 15 The states of a new soliton at Δε0 = ε |βn| , |βn| � 0.5, ε <1 meV and ΔJ = ±5%J , Δ(χ1 + χ2) = ±5% (χ1 + χ2) , 0.67 �
αk � 2 for ΔW = ±10%W(a), ΔW = ±15%W (b), ΔW = ±20%W (c).

Fig. 16 The states of a new soliton at Δε0 = ε |βn| , |βn| � 0.5, ε = 1 meV and 0.67� αk �2 and ΔW = ±20%W for ΔJ = ±5%J ,
Δ(χ1 + χ2) = ±7% (χ1 + χ2)(a) and ΔJ = ±10%J , Δ(χ1 + χ2) = ±9% (χ1 + χ2)(b).

tum is not so, and smaller structural disorders in the
proteins will destroy its stability [18, 19]. Forner’s re-
sults [18, 19], obtained by same method, showed that in
the case of a mass disorder of 0.67M � Mk � 1.80M , or
with fluctuations of ±30%W , or ±5%J , or ±20% χ1, or
ε < 0.5 meV in Δε0n = εδn, no change in the Davydov
soliton dynamics were found, but for the other condi-
tions greater than these values, the Davydov soliton was
either dispersed or destroyed. Obviously, the structural
disorders needed for the Davydov soliton to be stable
are smaller than that of the new soliton in the improved
model.

What is this, or in saying, what are the reasons
why the new soliton in the improved model is com-
parably more stable than Davydov’s? Very clearly,
this is due to the fact that the improved model
with a quasi-coherent two-quanta state differs from the
Davydov model with only one quantum state. Al-
though Eqs. (4) and (5) can become the dynamic equa-
tions in the Davydov model when χ2 =0 and

√
2an

are replaced by An, (in such a case, the normal-
ization condition of the Davydov wavefunction then
becomes

∑
n
|An(t)|2 = 2

∑
n
|an(t)|2 = 2. This

again shows clearly that the new wavefunction in
the improved model contains exactly two quanta, in-

stead of three quanta [21, 22], when compared with the
Davydov wave function containing one quantum), with
the nonlinear coupling energy, Gp, and a binding en-
ergy, EBP, determination of the features of the new soli-
ton are greatly increased and larger by about three and
twenty times than Davydov’s soliton due to simultane-
ous changes in the Hamiltonian and wave function. In
other word, a new interaction between the acoustic vi-
bration of the amino acid and amide-I is added in the
Hamiltonian, wave function with the quasi-coherent two-
quantum state are used for the system in the improved
model, thus the new soliton becomes very stability.

2.3 Infuence of temperature on a new soliton in a si-
ngle chain

2.3.1 The simulation method and results at 300 K in
case of no structural disorders

We now study the influences of thermal perturbation at
biological temperatures on the behavior of the new soli-
ton.

Since biological proteins are always in an environment
(or heat bath) with a biological temperature of 300 K, we
should firstly decide whether or not the thermal motion
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of the lattice still permits soliton motion in such a case.
In accordance with thermodynamic theory, from a C=O
vibrational energy of ε0 = 3.28 × 10−20N·m and a tem-
perature of 300 K, one finds that the Boltzmann factor is
3×10−4 in this case. This means that only three out of
10 000 excitons are excited in the thermal equilibrium at
300 K. Then one can safely assume that the temperature
of environment affects primarily soliton motion via only
the lattice of the amino acid. Thus, prior to soliton com-
mencement the system is in equilibrium with the temper-
ature of environment and the lattice is in thermal motion
(which can be described as a linear combination of its
normal modes), while the exciton system is in its ground
state. With soliton commencement a non-equilibrium
state is created, the state of the lattice changes, and the
behavior of the soliton is influenced by the thermal per-
turbation via the lattice. This amounts to assuming that
the time the soliton needs to travel through the protein is
small compared to the time the temperature of environ-
ment needs to re-establish equilibrium with the system,
since the soliton velocity is high. However, how do we
represent the effect of the heat bath on the lattice? Here
we adopt Lomdahl and Kerr’s method [29−31]. Lomdahl,
and Kerr, and Lawrence and co-workers [29−31] found
that the Davydov soliton is destroyed at 300 K by using
its corresponding dynamic equations, thus the validity
and availability of the Davydov theory was questioned
in their results. In Lomdahl and Kerr’s numerical calcu-
lation methods [29, 30], the decay term, MΓ q̇n, arising
from the solution medium of proteins and random noise
term, Fn(t), resulting from the temperature of environ-
ment, T , were added into the displacement equation of
the amino acid molecules. Utilizing this idea, Eq. (7)
becomes

Mq̈n(t) = W [qn+1(t) − 2qn(t) + qn−1(t)]

+2χ1[|an+1|2 − |an−1|2]
+2χ2{a∗

n(t)[an+1(t) − an−1(t)]

+an(t)[a∗
n+1(t) − a∗

n−1(t)]}
−MΓ q̇n + Fn(t) (13)

where Γ is a dissipation coefficient for the vibration
of amino acids, which is about 108s−1 for the pro-
teins. Thus MΓ q̇n and Fn(t) should also be added
into Eq. (11). Then we can find the solutions of
Eqs. (8)−(13), a(t)rn and a(t)in, and the correspond-
ing |an(t)|2 by using the above method. In such a case
we must give an explicit representation of Fn(t).

In accordance with statistical physics, the thermal
noise term Fn(t) is related with the temperature of the

systems, and the average value of its correlation function
can be represented by

〈F (x, t)F (0, 0)〉 = 2MΓKBTδ(x)δ(t)/τ ′

where τ ′ is the damping constant. We assume that
the deviation of the random noise satisfies the normal
distribution with criterion deviation and has zero ex-
pectation value, thus it can be expressed by N(Fn) =

1√
2πσ

exp[−F 2
n/(2σ)], where σ = 2MKBTΓ/τ ′, τ ′ is

the time constant, and Γ is measured by an inverse
number of the time constant of environment with bi-
ological temperature. Thus, Fn can be denoted by

Fn(t) =
√

σ
L∑

r=1

[
Xnr(t) − 1

2

]
; here the random number

Xnr(t) is in the region of (0 � Xnr � 1). We here as-
sume that L = 12, then the deviation of [Xnr(t) − 1/2]
is 1/12, the domain of the random noise force is just
|Fn(t)| � 6

√
σ. Thus, Fn(t) can be represented by

√
σ.

Therefore the temperature of the system is considered in
this calculation.

From Eqs. (6) and (13) we can study the influence of
the dissipative and random noise forces on the states of
the new soliton by the above fourth-order Runge-Kutta
method. When the soliton commences (t=0), i.e., the ini-
tial condition of an(0)=Asech [(n−n0)(χ1+χ2)2/(4JW )]
is added in one end of the protein molecule. Although
the lattice energy fluctuations associated with the en-
vironment are larger by roughly three orders of magni-
tude than the local lattice energies associated with the
soliton motion, we can still see that the soliton moves
through the chain completely undisturbed at 300 K. This
result is shown in Fig. 17, where above average values
for the physical parameters in Eqs. (6) and (13) are
used. We know from this figure that despite the large
lattice-energy fluctuations occurring due to the environ-
ment with biological temperature, the nonlinear coupling
between the lattice and exciton is still able to stabilize
the soliton, or in other words, the thermal perturba-
tion at 300 K cannot destroy the new soliton, which is
consistent with the analytical results [59−71]. This sta-
ble property of the new soliton can still be retained in
cases of a long time period of 300 ps at 300 K or at a
higher temperature at 310 K, as shown in Fig. 18 and
Fig. 19, respectively. These results show clearly that the
new soliton in the improved model is thermally stable
in the region between 300 K to 310 K. The lifetime of
the new soliton is at least about 300 ps at the biolog-
ical temperature of 300 K. What does this mean? As
mentioned above, the characteristic unit of time for the
model is τ0 = r0/v0 = (M/W )1/2 ≈ 0.98 × 10−13s, and
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L/r0 = 100, τ/τ0 > 500 is a reasonable criterion for
the soliton to be a possible mechanism for energy trans-
port in proteins, where τ is the lifetime of the soliton.
τ = 300 ps means τ/τ0 > 1000. Thus, the new soliton in
this improved model is very thermally stable at 300 K,
i.e., the new soliton has a long enough lifetime enabling
it to play an important role in biological processes. This
result agrees with analytic data in Table 1 [60−67]. At
the high temperatures of 320 K and 325 K, the new soli-
ton disperses as shown in Figs. 20 and 21, respectively.
Thus we estimate that the critical temperature of the
new soliton is about 320 K.

However, the Davydov soliton with one quantum does
not have the above features. For a comparison between
them, we give the propagation behaviors of the Davydov
soliton at T = 30 K, 40 K and 300 K, respectively, ob-
tained by Forner [25− 28] in Figs. 22−24 with the same
values of the physical parameters. From Figs. 22−24 we
see that the Davydov soliton is only thermally stable at
T � 40 K, but is destroyed completely at 300 K. There-
fore, the Davydov soliton is not thermally stable at the
biological temperature of 300 K; its critical temperature
is only 40 K. Thus, the Davydov soliton is considerably
different from the new soliton with two quanta in the
improved model.

Fig. 17 The behavior of the new soliton at 300 K.

Fig. 18 The state of the new soliton through the time period of
300 ps at 310 K.

Fig. 19 The state of new soliton at 310 K.

Fig. 20 The state of new soliton at 320 K.

Fig. 21 The state of the new soliton at 325 K.

Fig. 22 The state of the Davydov soliton at 30 K.

Fig. 23 The state of the Davydov soliton at 40 K.
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Fig. 24 The state of the Davydov soliton at 300 K.

2.3.2 The effects of structure disorders on the soliton
at biological temperatures

However, the influence of nonuniformity or disorder of
structure in protein molecules on the new soliton has not
been considered in the above calculations. As mentioned
above, the nonuniformity of structure arising from the
disorder in the mass sequence of amino acid molecules
is always existent in the proteins. Therefore, it is quite
necessary to further study the influence of disorders in
the mass sequence and fluctuations of the force constant
W , the dipole-dipole interaction constant J , the coupling
constants, χ1 and χ2, between the exciton and phonon,
and the ground state energy ε0 arising from the struc-
ture nonuniformity, on the new soliton in the region of
the biological temperatures 300 − 310 K. In such a case
we must introduce the random number generators, αk

and |βn|, to designate the random features of the mass
sequences and the ground state energy in the nonuniform
proteins as mentioned above, respectively. The states of
the new solitons in the case of simultaneous variations of
the above five physical parameters at biological temper-

atures arising from structure nonuniformity are numeri-
cally simulated through Eqs. (6) and (13) and the above
method. The behavior of the new soliton is shown in
Fig. 25, when the disorder of the mass sequence is in the
region of 0.67M < Mk < 2M , or 0.67 < αk < 2, where
Mk = αkM , αk is a random-number generator with
equal probability with a prescribed interval, and the fluc-
tuations of the coupling constant (χ1+χ2), dipole-dipole
interaction constant J, force constant W and ground
state energy ε0 are about Δ(χ1 + χ2) = ±5%(χ1 + χ2),
ΔJ = ±5%J , ΔW = ±10%W , Δε0 = ε |βn|, ε=0.4
meV, |β| � 0.5, for T =300 K, T =310 K, T =315 K
and T =320 K, respectively. From these figures we can
see clearly that the new soliton is still thermally stable
at T < 320 K, but the new soliton begins to disperse at
T = 320 K. Thus, the critical temperature of the new
soliton is at least 315 K when structure nonuniformity
exists. Therefore, we can conclude that the new soliton
is very robust against thermal perturbation and struc-
ture nonuniformity among protein molecules at biologi-
cal temperatures.

Obviously, the above thermal stability of the new soli-
ton is due to the fact that the new interaction between
the acoustic vibration of the amino acid and amide-I
was added into the Hamiltonian of the system, and the
wavefunction of the quasi-coherent two-quantum state
for the excitons was used simultaneously in the new
model. However, if we adopt only the wavefunction of
the quasi-coherent two-quantum state or the excitation
state of a single particle with two quanta, for the ex-
citons in Eq. (1) and letting χ2=0, i.e., the new in-
teraction term in Eq. (2) is not considered, the new

Fig. 25 The state of the new soliton under the influence of disorder at 0.67M < M25 < 2M , ΔJ = ±5%J , ΔW = ±10%W ,
Δ(χ1 + χ2) = ±5%(χ1 + χ2), Δε0 = ε |βn|, ε=0.41 meV, |βn| < 1, for T =300 K(a), T =310 K(b), T =315 K(c), and T =320 K(d).
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Fig. 26 The states of the soliton in proteins, when the wavefunction of the quasi-coherent two-quantum state, or the excitation state
of a single particle with two quanta, when the excitons and χ2 =0 are considered, where (a) the result at 270 K, (b) the result at 280
K, (c) the result at 300 K.

Fig. 27 The behaviours of the soliton, when χ2 �= 0 in Eq. (1) and for two terms of the wavefunction of the exciton in Eq. (2) or the
excitation state of a single particle with one quantum are considered, where (a) the results at 150 K, (b) the result at 170 K, (c) the
result at 180 K.

soliton is not thermally stable at 300 K, begins to dis-
perse at 280 K, and is only stable at 270 K using the
above method, as is shown in Fig. 26. On the contrary,
if we let χ2 �= 0 in Eq. (2), but only for two terms
of the wavefunction of the exciton in Eq. (1), or the
excitation state of a single particle with one quantum
is adopted, then the state of the new soliton is only
thermally stable at 150 K, begins to disperse at 170
K, but is destroyed at 180 K, as is shown in Fig. 27.
These results show clearly and again that the Hamilto-
nian and wavefunction in Eqs. (1) and (2) in the im-
proved model are very correct and relevant for the pro-
tein molecules; these can result in complete thermally
stability of the new soliton at biological temperatures.
Very clearly, this phenomenon is due to the new im-

proved model we used as mentioned above, in which
a new interaction term is added into the Hamiltonian
and the wavefunction of the quasi-coherent two-quantum
state is used simultaneously. In such a case, the nonlinear
coupling energy Gp and binding energy, EBP, determin-
ing the features of the new soliton, are greatly increased
relative to those in Davydov model. In the improved

model Gp = 2GD

[
1 + 2

(
χ2

χ1

)
+
(

χ2

χ1

)2
]

and EBP =

16EBD

[
1 + 4

(
χ2

χ1

)
+ 6

(
χ2

χ1

)2

+ 4
(

χ2

χ1

)3

+
(

χ2

χ1

)4
]
,

respectively, where GD = 4χ2
1/[(1 − s2)W ] and EBD =

−χ4
1/(3JW ) are corresponding values of the Davydov

soliton. Thus, Gp and EBP are larger than GD and EBD
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Fig. 28 The states of the new solitons at 90 K (a) and 95 K (b), respectively, when J = 9.4 × 10−4eV, χ1 = 5.6 × 10−11 N and
χ2 = 5 × 10−12 N, ε0 = ε0 =0.205 eV, W=19 N/m, M = 1.25 × 10−25 kg.

Fig. 29 The behaviors of the new solitons when temperatures are 330 K (a) and 335 K(b), respectively, when J = 9.98 × 10−4 eV,
W = 13 N/m, χ1 = 6.2 × 10−11 N and χ2 = 20 × 10−12N, ε0 = ε0 = 0.207 eV, M = 1.57 × 10−25 kg.

in Davydov’s soliton. by about three and twenty times,
respectively. Then the stability of the new soliton is
greatly enhanced in the improved model. We concretely
calculated values using the above parameters for the α-
helix protein molecules [1−3, 55−67] showing that the
binding energy of the new soliton EBP = 7.8 × 10−21

J is also great by about two times the thermal energy
KBT = 4.14×10−21J at 300 K. Then, the binding energy
can completely suppress the destroying effect of thermal
perturbation on the new soliton. Therefore, the new soli-
ton with a quasi-coherent two-quantum state is very ro-
bust against thermal fluctuation, and is thermally stable
at biological temperatures. However, the binding energy
of the Davydov soliton is only EBD = 0.188 × 10−21J

by same parameter values, which is smaller than the
above EBP, and the thermal energy KBT at 300 K is
less by about forty times. Thus, it is easily destroyed
by thermal perturbation. Hence, the Davydov soliton
is not thermally stable at 300 K, as verified by Forner
and Lomdahl et al.’s numerical simulations [24−30] and
Cottingham et al.’s [33, 34] analytic results.

From the above results we see that the new soli-
tons in the improved model are quite stable up to
320 K. However, how do the interaction parameters
change if the stability is given for temperatures smaller
than 100 K? On the other hand, if the critical temper-
ature of the soliton is 330 K, then how do we choose
the interaction parameters? We further study these
problems. If these interaction parameters are chosen as
J = 9.4 × 10−4eV, W = 19 N/m, χ1 = 5.6 × 10−11N
and χ2=5×10−12 N, ε0 = ε0 0.205 ev, M = 1.25× 10−25

kg, then the new soliton is stable at 90 K, but is dis-

persed at 95 K, as shown in Fig. 28. If these interaction
parameters are chosen to be J = 9.98×10−4 eV, W = 13
N/m, χ1 = 6.2 × 10−11 N and χ2 = 20 × 10−12 N, ε0 =
ε0 =0.207 eV, M = 1.57×10−25kg, then the new soliton
is stable at 330 K, but is dispersed at 335 K. The results
are shown in Fig. 29. Therefore in such a case, the critical
temperature of the new soliton is about 335 K(or 62 ◦C).
Thus we can conclude from these results that if the values
of the coupling constants, χ2 and χ2, are reduced but
the value of the elasticity constant is increased, then the
soliton has a lower critical temperature. On the contrary,
the soliton has a higher critical temperature if the values
of the coupling constants, χ2 and χ2, are increased and
the value of the elasticity constant is reduced. However,
here we should point out that the protein molecules are
already degenerated at high temperatures, thus their bio-
functions disappear. Therefore, discussing these states
of the new solitons in conditions of high temperatures
of 330−400 K have only a theoretical meaning, but no
practical and biological effects.
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3.1 Numerical simulation method

For the α-helix protein molecules with three channels,
the Hamiltonian and the wave function in Eqs. (1) and
(2) are respectively replaced by [60 − 76, 81]:

H = Hex + Hph + Hinx
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=
∑

n

[ε0B
+
nαBn+1α − J(B+

nαBn+1α + BnαB+
n+1α)]

+
∑
n

[
P 2

nα

2M
+

1
2
W (qnα − qn−1α)2

]

+
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n
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n+1αBnα + B+
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+L(B+
nαBn+1α + B+

nαBn−1α)] (14)

|Φ(t)〉 = |Φ(t)〉|β(t)〉

=
1
λ
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∑
nα
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anα(t)B+
nα

)2
⎤
⎦ |0〉ex
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{
− i

�

∑
n

[qnα(t)Pnα − πnα(t)unα]

}
|0〉ph (15)

where subscript α=1,2,3 denote the numbers of the three
channels, and L is the coefficient of the chain-chain
interactions among the three channels in the protein
molecules. From the time-dependent Schrödinger equa-
tion

H |Φ〉 = i�
∂

∂t
|Φ〉 (16)

with the Hamiltonian Eq. (3), the above time-dependent
wave function Eq. (4), and

i�
∂

∂t
〈|Φ(t)|un|Φ(t)〉 = 〈Φ(t)|[un, H ]|Φ(t)〉 (17)

i�
∂

∂t
〈Φ(t)|Pn|Φ(t)〉 = 〈Φ(t)|[Pn, H ]|Φ(t)〉 (18)

And further considering the neighboring interactions
among the three channels, we can find that

i�ȧnα(t) = ε0anα(t) − J [an+1α(t) + an−1α(t)]

+χ1[qn+1α(t) − qn−1α(t)]anα(t)

+χ2[qn+1α(t)−qn−1α(t)][an+1α(t)+an−1α(t)]

+
5
2

{
w(t) − 1

2

∑
m

[qmα(t)πmα(t)

−π̇mα(t)q̇mα(t)]
}

anα(t)

+L[anα+1(t) + anα−1(t)] (19)

Mq̈nα = W [qn+1α(t) − 2qnα(t) + qn−1α(t)]

+2χ1[|an+1α(t)|2 − |an−1α(t)|2]
+2χ2{a∗

nα(t)[an+1α(t) − an−1α(t)]

+anα(t)[a∗
n+1α(t) − a∗

n−1α(t)]} (20)

We can eliminate the term containing ε0 in Eq. (8) by
the following transformation:

ϕnα(t) = anα(t)exp(−iε0t/�) (21)

Because an(t) in Eqs. (8) and (9) is a complex function,
we can thus make the transformation

anα(t) = arnα(t) + iainα(t)

with

|an|2 = |arn|2 + |ain|2 (22)

Thus, Eqs. (8) and (9) change into

�ȧrnα = −J(ain+1α+ain−1α)+χ1(qn+1α−qn−1α)ainα

+χ2(qn+1 − qn−1α)(ain+1α + ain−1α)

+L[ainα+1(t) + ainα−1(t)] (23)

−�ȧinα = −J(arn+1α + arn−1α)

+χ1(qn+1α − qn−1α)arnα

+χ2(qn+1α − qn−1α)(arn+1α + arn−1α)

+L[ainα+1(t) + ainα−1(t)] (24)

q̇nα =
ynα

M
(25)

ẏnα = W [qn+1α − 2qnα + qn−1α]

+2χ1[ar2
n+1α + ai2n+1α − ai2n−1α − ai2n−1α]

+4χ2[arnα(arn+1α − arn−1α)

+ainα(ain+1α − ain−1α)] (26)

where arn and ain are real and imaginary parts of an(t)
Eqs. (23)−(26) are equations we use in simulation cal-
culations. The dynamic properties of a peptide group
or amino acid molecule are described by the above four-
equations [79, 80]. Thus, the protein molecules consisting
of N amino acid molecules should associatively solve 4N

equations. From these equations we can find their so-
lutions, and arn and ain, by numerical simulation with
the fourth-order Runge-Kutta method and by using the
following initial condition at a point n0α : aϕnα(t) =
A sech[(n − n0)(χ1 + χ2)2/(4JW )] for the α-helix pro-
tein molecules with three channels, where α=1,2,3, and
A is the normalization factor. As such, we can determine
the solutions of Eqs. (19) and (20). However, in the simu-
lation calculations, the above boundary conditions must
be satisfied, i.e., (1) the energy of the soliton must re-
main constant up to 0.0012 %; (2) the probability of the
soliton must be normalized at any time; (3) the energy of
the soliton is real, its imaginary part must approach zero
up to an accuracy of 0.001 feV. In accordance with these
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three criteria and utilizing the above equations and the
above initial conditions we can calculate the evolution
of time and space for the probability by using MATLAB
language and data-parallel programming, where the time
step size is chosen as 0.01 ps. In this calculation the val-
ues of the physical parameters we use are as follows: The
mass M = 5.73 × 10−25 kg=114×3 amu (atomic mass
units), 114 amu is the mass of myosine, W=39 N/m,
ε0 = 0.2035 eV, J = 9.68 × 10−4 eV, χ1 = 6.2 × 10−11

N, χ2 = (10 − 18) × 10−12 N and L = 1.5 meV for the
α-helix protein molecules with three channels [5, 82]. We
numerically calculate their solutions related to time and
the probability of the soliton occurring at the nth amino
acid molecule, |aj |2.

3.2 The properties of solitons in uniform protein mole-
cules

When the above initial condition is imported from the
end of the molecular chain, the numerical solutions
of Eqs. (23)−(26), obtained by using the fourth-order
Runge-Kutta method [79, 80], and the above average val-
ues of the parameters for the α-helix protein molecules
with three channels in the improved model, are shown in
Fig. 30. In Fig. 30(a) we show the behaviors of motion
of the solution, with the initial condition of ϕnα(t) =
A sech[(n − n0)(χ1 + χ2)2/(4JW )], where α=1,2,3 are
simultaneously motivated on the first ends of the three
channels. From this figure we see that this solution can
retain a clock shape while moving over a long distance in
the range of the spacing of 400 amino acid residues at

a time of 40 ps without dispersion along the molecular
chains, i.e., this solution is a soliton. Therefore, Eqs. (19)
and (20) have exactly soliton solutions with clock shapes.
This is similar to the analytic results obtained for pro-
teins with single channels in the continuum approxima-
tion in this model in which the dynamical equation is
a standard nonlinear Schrodinger equation [61−70]. In
Fig. 30(b) and (c) we plot the features of motion of the
solutions, with the initial conditions anα(t = 0) = 0,

where α=1,2, ϕnα(t) = A sech[(n−n0)(χ1+χ2)2/(4JW )]
and ϕnα(t) = A sech[(n − n0)(χ1 + χ2)2/(4JW )], where
α=1,2, and an3(t = 0) = 0 are used, respectively. These
initial conditions denote that the first ends of one channel
and two channels are motivated, and that the other two
channels and the single channel are not linked, respec-
tively. We see from Fig. 30(b) that two new waves with
small amplitudes are generated, except for one soliton
occurring on the channel linked by the above initial con-
ditions. Obviously, the two new waves are still excited
from the above initial conditions through the interactions
among the three channels. Although the two excitations
are small, they can move over long distances along the
two chains while keeping their amplitudes. Therefore,
they are still solitons with small amplitudes and clock
shapes. However, in Fig. 30(c) we see a strange phe-
nomenon in that the amplitudes of solitons generated in
the two motivated chains are small, and in an unmoti-
vated chain the soliton formed from the superposition of
waves induced by the other two chains is greater. From
this study we already know that the solitons formed have
similar and higher energy when the initial conditions are

Fig. 30 Features of soliton solutions of Eqs. (19) and (20) for α-helix proteins under different initial conditions.
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simultaneously motivated on the first ends of the three
channels, corresponding to practical cases, but the soli-
ton feature of the solutions is substandard in the other
two cases and do not occur in practical cases.

In order to confirm further the soliton feature of the
solutions of Eqs. (19) and (20), we further study the
collision property of solitons with clock shapes, set up
from opposite ends of the channels for α-helix protein
molecules with three channels; the result is shown in
Fig. 31(a), where the above initial conditions simulta-
neously motivate the opposite ends of the three channels
as mentioned above. From this figure we can see clearly
that the initial two solitons with clock shapes separat-
ing 100 amino acid spacings in each channel collide with
each other at about 17 ps. After this collision, the two
solitons in each channel go through each other without
scattering and retain their clock shapes to propagate to-
ward and separately along the three chains, satisfying
the rules on collision of macroscopic particles. Thus,
we can also judge from this result that the solutions of
Eqs. (19) and (20) in the α-helix protein are exact soli-
tons. In Fig. 31(b) and (c) we plot the collision fea-
tures of the two solitons generated from opposite ends of
the channels with the above initial conditions motivat-
ing the opposite ends of one channel and two channels,
and where they are not linked with the opposite ends of
the other two channels and the single channel, respec-
tively. In these two cases the soliton feature of the so-
lutions after collision is substandard, especially where

the initial condition motivates only the opposite ends of
the single channel, as shown in Fig. 30(b). Thus, the
solutions of Eqs. (19) and (20) have better soliton fea-
ture, where the opposite ends of the three channels are
motivated simultaneously by the above initial conditions
in the α-helix protein molecules. Hence, we conclude
from Figs. 30 and 31 that the soliton excited in the α-
helix protein molecules has higher stability in the case of
simultaneous motivation of the initial condition on the
three channels, and then work only needs to be done in
case of the following.

In the above simulation we study only the behavior
of the soliton under the condition of a short time period
of 40 ps, which clearly exhibits the transport feature of
this soliton. However, what is its behavior in cases of
longer time periods and larger spacings? We thus study
further the behaviors of long time periods for the solu-
tions of Eqs. (23)−(26) in α-helix proteins with three
channels. In Fig. 32 we show the results of soliton so-
lutions of Eqs. (19) and (20) obtained at a time of 120
ps and at 300 amino acid spacings, where the above ini-
tial conditions are simultaneously linked on the first ends
of the three channels. We can see clearly from Fig. 32
that in such cases, the soliton still retains its amplitude
and clock shape while moving. This result shows that
the lifetime of the soliton is at least 120 ps. What is the
meaning of a lifetime of 120 ps? In the light of above cal-
culation method we can find out that the lifetime of the
soliton, τ = 120 ps, corresponds to τ/τ0 > 700, which

Fig. 31 The collision features of the solitons in different conditions.
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Fig. 32 The behavior of long-time motion for the solitons.

thus is larger that the reasonable criterion for the soli-
ton of τ/τ0 > 500. This means that the soliton in the
improved model is a possible carrier of bio-energy trans-
port in proteins. This conclusion also agrees with ana-
lytic results in Table 1 [60−76, 81]. This shows that our
analytic results and the improved model are both correct
[60−76, 81].

3.3 The properties of solitons in disordered α-helix
protein molecules

In the investigation of the influence of quantum fluctua-
tions of physical parameters arising from structure disor-
der, we should first introduce the random number gener-
ators, αk and |βn|, to designate the disorder features of
the mass sequences or to create random sequences of the
masses of amino acids and ground state energy as men-
tioned above. we should use Mk = αk M to designate
the mass of amino acid residue at each point in a ran-
dom series of masses within a prescribed interval, and use
Δε0 = ε − ε0 = ε |βn| to represent the random features
of the ground state energy caused by different amino
acid side groups and corresponding local geometric dis-
tortions due to the impurities imported and changes of
side radicals in the disordered protein. For an isolated

impurity at the nth site in the molecular chains, the
change in ground state energy is denoted by Δε0n = εδn.
The quantum fluctuations of the spring constant, the
exciton-phonon coupling constant, the chain-chain inter-
action coefficient and the dipole-dipole interaction aris-
ing from the structure disorder are still represented by
ΔW = W − W , Δ(χ1 + χ2) = [(χ1 + χ2) − (χ1 + χ2)],
ΔL = L−L and ΔJ = J−J , respectively. In the follow-
ing, we will use these representations to study the influ-
ence of these fluctuations and structure disorders on the
solitons excited in the α-helix proteins using the fourth
order Runge-Kutta method [79, 80].

3.3.1 The individual influences of different fluctuations
and disorders on the motion of solitons

In accordance with the above method we study the in-
fluences of these nonuniformities, whether of the smaller
or larger intervals for αk, such as, 0.67 � αk � 100
or 0.67 � αk �300, on the soliton. This result shows
that this nonuniformity does not significantly affect the
stability of the new soliton and the vibrational energy
is not dispersed, as shown in Fig. 33., where other pa-
rameters take mean values. The interval over which the
new soliton moves unperturbed is evidently larger than

Fig. 33 The states of the solitons in the nonuniform masses of 0.67 < αk < 100(a) and 0.67 < αk < 300(b).
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Fig. 34 The states of the solitons at the fluctuations of ΔW = ±15%W (a) and ΔW = ±25%W (b).

Fig. 35 The features of the solitons under the changes ΔJ = ±3%J(a) and ΔJ = ±5%J(b).

the variation in the masses of the natural amino acids
(0.67 � αk � 1.80). Therefore, the soliton in Pang’s
model is very robust against mass nonuniformities in α-
helix protein molecules.

Numerical simulation results show that we do not find
any changes in the dynamics of the soliton up to a ran-
dom fluctuation of ±25%W . The results of our calcula-
tions are shown in Fig. 34, in the cases where fluctuations
are ±15%W and ±25%W , respectively. For ±30%W ,
the soliton velocity is only somewhat diminished when
compared with the case of W . Finally, for ± 40% W ,
the soliton disperses completely and propagation is ir-
regular.

The soliton is very sensitive to variations in the dipole-
dipole interaction J in the α-helix protein molecules. The
soliton is stable up to 5% as shown in Fig. 35, where
we denote the features of the solitons under changes of
±3%J and ΔJ = ±5%J, but the soliton disperses at
ΔJ = ±7%J.

In Fig. 36 we exhibit the changes of phase of the soli-
ton under the influence of fluctuations of Δ(χ1 + χ2) =
±6%(χ1 + χ2) and ±9%(χ1 + χ2). These figures show
that the new solitons are stable when (χ1 +χ2) varies up

to ±9%(χ1 + χ2). Meanwhile, the solitons disperse and
split gradually into some small waves when (χ1 +χ2) are
larger than this value.

With |βn| �0.5 for ε=0.57 meV and 1.26 meV, we
show the behaviors of the soliton in Fig. 37. These figures
show that in the case of a random sequence, only if ε <

1.3 meV and |βn| �0.5 can the soliton pass through the
chain and is stable. For higher values of ε, the soliton is
reflected or dispersed.

In Fig. 38 we show the variations in features of the
solitons due to the fluctuations of ΔL = ±5%L and
±6%L. These figures show that the soliton is stable only
if ΔL < ±7%L. From the simulation we know that the
smaller the fluctuation of the chain-chain interaction, the
higher the stability of the soliton. When ΔL = 0 and
L = 0, the stability of the soliton is the highest.

3.3.2 Associated effects of the fluctuations of six stru-
ctural parameters on the solitons

We now study the associated influences of the change of
mass of amino acids and the fluctuations in dipole-dipole
interaction, the exciton-phonon coupling constant, the
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Fig. 36 The changes of phase of the soliton as affected by fluctuations of Δ(χ1 + χ2) = ±6%(χ1 + χ2) (a) and Δ(χ1 + χ2) =
±9%(χ1 + χ2)(b), respectively.

Fig. 37 The behavior of the solitons due to the changes Δε0 = ε|βn| with |βn| < 0.5 and ε=0.57 meV (a) and 1.26 meV (b),
respectively.

Fig. 38 The variations of feature of the solitons in the fluctuation of ΔL = ±5%L(a) and ±6%L(b).

spring constant, the diagonal disorder, and the chain-
chain interaction arising from the structure disorder of
the α-helix protein molecules, on the behaviors of the
soliton. In Fig. 39 we show the changes of property
of the solitons under the influence of different fluctua-
tions of structure parameters, in which Fig. 39(a) de-
notes the states of the soliton with fluctuations of 0.67 <

αk < 2, ΔW = ±5%W , ΔJ = ±1%J, Δ(χ1 + χ2) =
±1%(χ1 +χ2) and ΔL = ±1%L; Fig. 39(b) results when
0.67 < αk < 2, ΔW = ±10%W , ΔJ = ±2%J, Δ(χ1+

χ2) = ±3%(χ1 + χ2) and ΔL = ±2%L; Fig. 39(c) re-
sults when 0.67 < αk < 2, ΔW = ±10%W , ΔJ =
±2%J, Δ(χ1 + χ2) = ±5%(χ1 + χ2) and ΔL = ±2%L;
Fig. 39(d) results when 0.67 < αk < 2, ΔW = ±10%W ,
ΔJ = ±2%J, Δ(χ1 + χ2) = ±6%(χ1 + χ2) and ΔL =
±2%L. From these figures we see clearly that the soli-
tons shown in Fig. 39(a), (b) and (c) are very stable
under the actions of different structure disorders, but
the soliton shown in Fig. 39(d) is already unstable due
to the influence of the structure disorder its amplitude
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Fig. 39 The changes in properties of the solitons under the influence of different fluctuations, here (a) is the result when 0.67 <
αk < 2, ΔW = ±5%W , ΔJ = ±1%J, Δ(χ1 + χ2) = ±1%(χ1 + χ2) and ΔL = ±1%L; (b) is the result when 0.67 < αk < 2,
ΔW = ±10%W , Δ(χ1 + χ2) = ±3%(χ1 + χ2), ΔJ = ±2%J and ΔL = ±2%L; (c) is the result when 0.67 < αk < 2, ΔW = ±10%W ,
ΔJ = ±2%J, Δ(χ1 +χ2) = ±5%(χ1 +χ2) and ΔL = ±2%L; and (d) is the result when 0.67 < αk < 2, ΔW = ±10%W , ΔJ = ±2%J ,
Δ(χ1 + χ2) = ±6%(χ1 + χ2) and ΔL = ±2%L.

changes, thus it is already dispersed. This manifests that
the solitons excited in α-helix protein molecules are not
stable in cases of large structure disorders. In comparing
these results in Fig. 39 with those shown in Fig. 30(a) or
Figs. 33−38, we find that the collective effects of these
structure disorders and quantum fluctuations change the
states and features of solitons, making their amplitudes,
energies and velocities decrease, although such influences
cannot destroy the solitons, which can still transport
steadily along the molecular chains while retaining en-
ergy and momentum when the quantum fluctuations are
small, i.e., the solitons are quite robust against these dis-
order effects. However, the solitons may be dispersed or
disrupted in cases of very large structure disorders.

3.3.3 The collective effects of various nonuniformities
on the motion of the soliton

We finally study the collective effects of the change in
mass of amino acids and the fluctuations of dipole-dipole
interaction, the exciton-phonon coupling constant, the
spring constant, the diagonal disorder and the chain-

chain interactions arising from the structure disorder of
α-helix protein molecules, on the properties of the soli-
ton. The results obtained are denoted in Fig. 40, in which
Fig. 40(a) represents the features of the soliton formed
under fluctuation conditions of 0.67 < αk < 2, ΔW =
±3%W , ΔJ = ±1%J, Δ(χ1 + χ2) = ±1%(χ1 + χ2),
ΔL = ±1%L and Δε0 = ε|βn|, ε=0.35 meV, |βn| < 0.5;
Fig. 40(b) results when 0.67 < αk < 2, ΔW = ±6%W ,
ΔJ = ±1%J, Δ(χ1 +χ2) = ±2%(χ1 +χ2), ΔL = ±1%L

and Δε0 = ε|βn|, ε=0.1 meV, |βn| < 0.5; Fig.40(c)
results when 0.67 < αk < 2, ΔW = ±8%W , ΔJ =
±1%J, Δ(χ1 + χ2) = ±3%(χ1 + χ2) and ΔL = ±1%L

and Δε0 = ε|βn|, ε=0.1 meV, |βn| < 0.5. We see from
this figure that in these conditions the nature of the soli-
ton during bio-energy transport in the α-helix protein
molecules can still be maintained, but the soliton be-
gins to disperse when these structure disorders are larger
than the values 0.67 < αk < 2, ΔW = ±8%W , ΔJ =
±1%J, Δ(χ1 + χ2) = ±3%(χ1 + χ2) and ΔL = ±1%L

and Δε0 = ε|βn|, ε=0.1 meV, |βn| < 0.5. Therefore, we
can conclude that the new soliton in Pang’s model is very
robust against various structure disorders of the α-helix
protein molecules.
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Fig. 40 The features of the soliton under the influence of different structure disorders, where (a) results in the case of 0.67 < αk < 2,
ΔW = ±3%W , ΔJ = ±1%J , Δ(χ1 + χ2) = ±1%(χ1 + χ2), ΔL = ±1%L and Δε0 = ε|βn|, ε=0.35 meV, |βn| < 0.5; (b) is the result
in the case of 0.67 < αk < 2, ΔW = ±6%W , ΔJ = ±1%J, Δ(χ1 + χ2) = ±2%(χ1 + χ2), ΔL = ±1%L and Δε0 = ε|βn|, ε=0.1 meV,
|βn| < 0.5; and (c) is the result when 0.67 < αk < 2, ΔW = ±8%W , ΔJ = ±1%J, Δ(χ1 + χ2) = ±3%(χ1 + χ2) and ΔL = ±1%L and
Δε0 = ε|βn|, ε=0.1 meV, |βn| < 0.5.

3.4 The states of the solitons at biological temperatu-
res

However, as mentioned above, the α-helix protein
molecules in living systems always work at the biolog-
ical temperature of 300 K, therefore, we must study the
behaviour of the soliton during transport at 300 K, and
we should add the effect of temperature on the soliton to
the above equations. In the light of Lomdahl and Kerr’s
method [29, 30] we should add the decay term MΓ q̇n and
random noise term, Fn(t), resulting from the tempera-
ture into the displacement equation of the amino acid
molecules, Eq. (20). Thus, the latter can now be repre-
sented by

Mq̈n(t) = W [qnt1(t) − 2qn(t) + qn−1(t)]

+2χ1[|an+1|2 − |an−1|2]
+2χ2{a∗

n(t)[an+1(t) − an−1(t)]

+an(t)[a∗
n+1(t) − a∗

n−1(t)]}
−MΓ q̇n + Fn(t) (27)

where Γ is the dissipation coefficient of vibration of the
amino acids. In light of the above method we can give
Fn(t) as

√
σ, where σ = 2MKBTΓ/τ . Thus, we can

now find the soliton solution of the equations of mo-
tion in Eqs. (19) and (27) with decay effect and random
noise force using the above method and the fourth-order
Runge-Kutta method [79, 80]. The results at 300 K are
shown in Fig. 41 for the α-helix protein molecules with
three channels, with the above initial conditions simul-
taneously linked on the first ends of the three channels.
From this figure we can see that the new soliton in the
improved model can move along the three channels at
a constant speed and amplitude without dispersion. So
the soliton is still thermally stable at the biological tem-
perature of 300 K. In Fig. 42 we also show the results of
soliton motion at a long time period of 120 ps and large
spacings of 1000 sites (i.e., 333 amino acid residues con-
tained in each channel) at 300 K for the α-helix protein
molecules, when the above initial conditions are simul-
taneously linked on the first ends of the three channels.
We see from this figure that the solitons are undisturbed
in such conditions, and really move over a long time pe-
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riod and through large spacings along the protein molec-
ular chains while retaining their amplitudes and veloc-
ities at bio-temperatures. In Fig. 43 we plot the colli-
sion behaviors of the solitons with clock shapes, set up
from opposite ends of the channels in the α-helix protein
molecules, when the above initial conditions are simulta-
neously linked on the opposite ends of the three channels.
From this figure we see clearly that the initial two soli-
tons with clock shapes, separating 100 amino acid spac-
ings in each channel, collide with each other at about 16
ps. After the collision, the two solitons in each channel
go through each other still retaining their clock shapes
and propagating toward and separately along the three
chains. These results show clearly that although there
are large lattice fluctuations in the protein molecules due
to the influence of temperature, the nonlinear coupling
interaction between the amino acids and excitons is still
able to stabilize the soliton, therefore this soliton is very
robust against thermal perturbation of the environment.

Fig. 41 The behaviors of the new soliton at biological tempera-
ture of 300 K.

Fig. 42 The state of the soliton in long-time motion at 300 K.

Fig. 43 The properties of collision of the solitons at 300 K.

In this case the lifetime of the new soliton is also, at least,
120 ps. This means that the new soliton could play an
important role in biological processes.

We now study the changes of states of the solitons
with increasing temperature. In Fig. 44 we exhibit the
transport properties of the soliton in the α-helix proteins
at different temperatures of 295 K, 305 K, 310 K, 315 K,
320 K and 325 K, respectively. This figure shows that
the amplitudes of the soliton decrease with increasing
temperature, and it begins to disperse at 320 K. This
means that the soliton must expend a part of its energy
to retain and suppress the increasing destructive effect
of thermal perturbation arising from the rise in temper-
ature of the system, thus its amplitude or energy does
decrease. We can estimate that the critical temperature
of the soliton is about 320 K in this case. At the same
time, we also find that the transport velocity of the soli-
ton also decreases with the increase in temperature of
the system. In Table 2 we give concrete data of these ve-
locities at different temperatures. In the meantime, the
temperature-dependence of the soliton velocity is shown
in Fig. 45. Here, the decrease in soliton velocity with
increasing temperature is also obvious. Evidently, this
is due to the enhancement of disordered thermal motion
of the medium resulting from the rise in temperature,
which increases the resistance of motion of the soliton.
Thus, the velocity of the soliton necessarily decreases.

The above results of our investigation manifest clearly
that the nonlinear coupling interaction between the
amino acids and excitons is still able to stabilize the soli-
ton, although it undergoes destructive influences due to
increases of chain-chain interaction and thermal pertur-
bation. Therefore, the soliton is very robust against the
influence of chain-chain interaction and thermal pertur-
bation of the environment.

However, the structure nonuniformity of the protein
molecules is not considered in the above calculation.
Thus, we should further study the influence of struc-
ture nonuniformity of proteins on the new soliton at the
biological temperature of 300 K by using the fourth-
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Fig. 44 The changes of state of the solitons with increasing temperatures of the α-helix protein molecules at temperatures of 295
K(a), 305 K(b), 310 K(c) 315 K(d), 320 K(e) and 325 K(f), respectively.

Table 2 The values of velocity of the solitons in the α-helix protein molecules at different temperatures.

Temperature/K 270 275 280 285 290 295 300 305 310 315 320 325

Velocity/(m·s−1) 1237 1230 1221 1215 1215 1208 1208 1199 1194 1194 1192 1191

order Runge-Kutta method [18] and Eqs. (19) and (27).
In Fig. 46, we plot the states of the new soliton in
the nonuniform α-helix proteins at T = 300 K, when
the disorder of the mass sequence is in the region of
0.67M < Mk < 2M , or 0.67 < αk < 2, and the fluc-
tuations of (χ1 + χ2), J, W and ε0 are about Δ(χ1 +
χ2) = ±4%(χ1 + χ2), ΔJ = ±2%J, ΔW = ±4%W ,
Δε0 = ε |βn|, ε=0.5 meV, |βn| �0.5. From these fig-

ures we see clearly that the new soliton is undisturbed
and still thermally stable at 300 K when these struc-
ture nonuniformity occurs in the proteins. Therefore,
we can conclude that the new soliton is robust against
thermal perturbation and structure nonuniformity of the
protein molecules at biological temperatures. Thus, the
new soliton in the improved model can be a carrier for
the bio-energy transport in protein molecules.
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Fig. 45 The temperature-dependence of the velocity of the soliton excited in the α-helix protein molecules.

Fig. 46 The state of the new soliton under the influence of structure disorders at 0.67M < Mk < 2M , Δ(χ1 + χ2) = ±4%(χ1 + χ2),
ΔJ = ±2%J, ΔW = ±4%W , Δε0 = ε |βn|, ε=0.5 meV, |βn| � 0.5, in the nonuniform α-helix proteins at T = 300 K.

� ���	���
���

In this paper the influences of the changes of the itself
features of proteins, i.e., molecular structure disorders
and environment conditions, i.e., physiological temper-
ature and damping effect of medium on the states and
properties of the soliton in transporting bio-energy have
been numerically studied using the fourth-order Runge-
Kutta method and an improved theory, where the struc-
ture disorders include the fluctuations of the character-
istic parameters of the spring constant, the dipole-dipole
interaction constant and the exciton-phonon coupling
constant, as well as the chain-chain interaction coefficient
among the three channels and ground state energy re-
sulting from the disorder distribution of masses of amino
acid residues and impurities. Therefore, a different vari-
ety of influenced factors on the proteins are considered
and any approximate methods and calculations also have
been not used in these studies. Thus our investigations
are complete, concrete and realistic, then the results ob-
tained are available and credible. In this paper, we inves-
tigated the behaviors and states of the solitons in a single
protein molecular chain and in α-Helix protein molecules
with three channels. In the former, we proved first that
the new solitons can move without dispersion, retaining
their shape, velocity and energy in uniform and peri-
odic protein molecules. In the case of structure disorder,
the fluctuations of the spring constant, the dipole-dipole
interaction constant, the exciton-phonon coupling con-

stant, the ground state energy and the disorder distri-
butions of masses of amino acid residues of the proteins
influence the states and properties of motion of the soli-
tons, but the new solitons are quite stable and very ro-
bust against these structure disorders. Even with larger
disorders in the sequence of masses and stranger fluctua-
tions of spring constants and coupling constants, the soli-
tons are still not dispersed or destroyed. However, when
the disorder distribution of the masses and the fluctua-
tions are quite great, the solitons disperse. If the effect of
thermal perturbation of the environment on the soliton
in nonuniform proteins is considered further, then the
soliton is still thermally stable at the biological tempera-
ture of 300 K even with a longer time period of 300 ps and
a larger spacing of 400 amino acids, which is consistent
with the analytic results obtained by quantum perturbed
theory. Meanwhile, the new soliton is also thermally sta-
ble in cases of motion over a long time period of 300 ps
in the region of 300−320 K under the influence of struc-
ture disorders. However, the soliton disperses in cases
of a higher temperature of 325 K and in larger structure
disorders. Thus, we have determined that the soliton’s
lifetime and critical temperature are at least 300 ps and
320 K, respectively. These results are also consistent
with analytical data. Furthermore, the thermal stability
of the new soliton can still be retained at the biological
temperature of T = 315 K in nonuniform proteins, where
the disorder of the mass sequence is 0.67M < Mk < 2M ,
or 0.67 < αk < 2, and the fluctuations of the J, χ1 + χ2,
W and ε0 are ΔJ = ±5%J , Δ(χ1+χ2) = ±5%(χ1 + χ2),
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ΔW = ±10%W and Δε0 = ε |βn|, ε=0.4 meV, |βn| < 1,

respectively. Thus, we see clearly from these results that
the new soliton in the improved model is very robust
against thermal perturbation and structure nonunifor-
mity of protein molecules.

In the α-Helix protein molecules with three channels,
the results obtained show that these structure disorders
and the fluctuations of the spring constant, the dipole-
dipole interaction constant and the exciton-phonon cou-
pling constant, as well as the chain-chain interaction co-
efficient among the three channels and ground state en-
ergy resulting from the disorder distributions of masses
of amino acid residues, side radicals and impurities, can
change the states and features of solitons, and make their
amplitudes, energy and velocities decrease, but they can-
not destroy the solitons, i.e., the solitons can still trans-
port steadily along the molecular chains, retaining en-
ergy and momentum when the quantum fluctuations are
small, as for example, with the structure disorders and
quantum fluctuations of 0.67 < αk < 2, ΔW = ±8%W ,
ΔJ = ±1%J, Δ(χ1 + χ2) = ±3%(χ1 + χ2) and ΔL =
±1%L and Δε0 = ε|βn|, ε=0.1 meV, |βn| < 0.5. There-
fore, the solitons in the improved model are quite robust
against these disorder effects. However, the solitons may
be dispersed or disrupted in cases of very large structure
disorders. When the influence of temperature on the soli-
ton is again considered, we find that the new soliton can
transport steadily over 333 amino acid residues in each
channel in cases of motion over a long time period of 120
ps, and still retain their shapes and energies to travel for-
ward along protein molecules after mutual collision of the
solitons at the biological temperature of 300 K. There-
fore, the soliton is very robust against thermal perturba-
tion of the α-helix protein molecules at 300 K. However,
the soliton disperses in the case of a higher temperature
of 325 K and in larger structure disorders. Thus, the
critical temperature of the soliton is about 320 K. When
the effects of structure disorder and temperature are con-
sidered simultaneously, the soliton also has higher ther-
mal stability and can transport for a long time along the
protein molecular chains, retaining its amplitude, energy
and velocity even though the fluctuations of the struc-
tural parameters and the temperature of the medium in-
crease continually; however, it disperses at larger fluctua-
tions of 0.67M < Mk < 2M , Δ(χ1+χ2) = ±2%(χ1+χ2),
ΔJ = ±1.3%J, ΔW = ±6%W , ΔL = ±1.5%L and
Δε0 = ε |βn|, ε=0.82 meV, |βn| �0.5 at T =300 K, and
at temperatures higher than 315 K when the fluctuations
are 0.67M < Mk < 2M , Δ(χ1 + χ2) = ±1%(χ1 + χ2),
ΔJ = ±0.7%J, ΔW = ±7%W , ΔL = ±0.8%L and
Δε0 = ε |βn|, ε=0.4 meV, |βn| �0.5. Thus we find that
the critical temperature of the soliton is only 315 K un-

der these conditions.
From these investigations we can gain the following

conclusions:
(1) The chain-chain interaction among these channels

can decrease the stability of the soliton excited in the
α-helix protein molecules due to its dispersive effect, but
the stability of the soliton formed in the case of simulta-
neous motivation of three channels by initial conditions
in the α-helix proteins is better than that in other initial
conditions, and is lower than that in a protein of one
channel.

(2) The soliton in the new model can steadily trans-
port over 333 amino acid residues in cases of motion for
a long time period of 120 ps, and can retain its shape
and energy to travel forward after mutual collision with
other solitons at the biological temperature of 300 K in
α-helix protein molecules. Therefore, the soliton is very
robust against thermal perturbation of the system at
300 K.

(3) The features and states of the soliton excited in
α-helix proteins change with increasing temperature of
the system. In general, the amplitude and velocity of
the soliton decrease with increases in temperature of the
medium. These effects are due to the enhancement of
thermal motion disorder of the medium arising from the
rise in temperature, which increases the resistance of mo-
tion of the soliton.

(4) We find that a critical temperature of the soliton
occurs in α-helix protein molecules using the numerical
simulation method, and it is about 315 K under influ-
ences of structure nonuniformity and thermal perturba-
tion.These are a few new results which have not been
obtained in α-helix protein molecules until now.

From these investigations we can conclude that the
new solitons in Pang’s model are very robust against the
influence of structure disorders and thermal perturba-
tion of proteins at the biological temperature of 300 K
in α-helix protein molecules, and are possible carriers of
bio-energy transport; the improved model is a possible
candidate for the mechanism of this transport, which can
thus play an important role in studies of the bio-energy
transport in α-helix protein molecules at biological tem-
peratures.
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From Eqs. (8)−(11) we can find easily out its solutions
which are as follows:
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arj,n+1 = arjn +
h

6
(K1j + 2K2j + 3K3j + K4j)
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h

6
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M3j = M1j +
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2M
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These are just base equations we make numerical simu-
lation by computer and Runge-Kutta method.
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