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ABSTRACT

We study numerically nonlinear dynamics of several types of molecular systems composed of hydrogen-bonded chains placed inside carbon
nanotubes with open edges. We demonstrate that carbon nanotubes provide a stabilization mechanism for quasi-one-dimensional molec-
ular chains via the formation of their secondary structures. In particular, a polypeptide chain (Gly)y placed inside a carbon nanotube can
form a stable helical chain (3,9-, @-, 7-, and B-helix) with parallel chains of hydrogen-bonded peptide groups. A chain of hydrogen fluo-
ride molecules - - - FH- - - FH- - - FH can form a hydrogen-bonded zigzag chain. Remarkably, we demonstrate that for molecular complexes
(Gly)y €CNT and (FH)y €CNT, the hydrogen-bonded chains will remain stable even at T = 500 K. Thus, our results suggest that the use of
carbon nanotubes with encapsulated hydrogen fluoride molecules may be important for the realization of high proton conductivity at high

temperatures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0197401

The dynamics of quasi-one-dimensional molecular systems with
hydrogen-bonded chains (helix of protein, chain of hydrogen flu-
oride molecules) located inside open carbon nanotube is numeri-
cally modeled. It is shown that a polypeptide chain placed inside
a carbon nanotube, depending on its diameter, takes the form
of a stable helical chain (3,¢-, a-, 7-, and f-helix) with parallel
arrays of hydrogen-bonded peptide groups. Hydrogen fluoride
molecules placed inside nanotubes of small radii create hydrogen-
bonded zigzag chains along which proton transport can occur.
In such molecular systems, the hydrogen-bonded chains retain
their structure and the interaction with the nanotubes lead to
their additional stabilization. For some molecular complexes, the
hydrogen-bonded chains will remain stable even at T = 500 K.

I. INTRODUCTION

One of the research activities of David Campbell has been
devoted to the study of nonlinear waves and solitons in discrete
systems,”” including the pioneering results on nonlinear dynamics

of polyacetylene [(CH),].” Many of the discrete nonlinear models
are inspired by the physics of molecular systems. Realistic molecular
systems have a complex multi-component structure, consisting of
nonlinearly interacting subsystems (electronic, excitonic, phononic,
ionic, proton). In such systems, stable propagation of nonlinear
waves (such as polarons, solitons, kinks, ) can be observed when
nonlinear effects compensate for linear dispersion. As a special
example, highly efficient energy and charge transfer takes place in
molecular chains with hydrogen bonds.

Molecular systems with hydrogen bonds are characterized
by a relatively low stabilization energy (0.12-0.40eV per hydro-
gen bond), which ensures their high dynamic mobility. Such
structures include «-helices and B-sheets of proteins,”> DNA
double helices, organic crystals of acetamides [e.g., acetanilide
(CH3CONHCgHs), 7], crystals of aramides (Kevlar crystals®), pro-
ton transport channels in cell membranes,”™'* crystals of alcohols,
hydrogen halides,'>'* and some other systems.

However, many of the molecular systems studied theoreti-
cally are restricted by the assumption of low dimensionality, so
they become unstable being placed into three-dimensional space.
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In addition, molecular complexes with hydrogen-bonded chains
become unstable at high temperatures (at T'> 100°C, all hydro-
gen bonds are destroyed). In this paper, we study numerically
the dynamics of quasi one-dimensional molecular systems with
hydrogen-bonded chains that can be stabilized being placed inside
open carbon nanotubes. In particular, we demonstrate that a
polypeptide chain (Gly)y may take the form of a stable helical chain
(310-> @-, -, and B-helix) with parallel chains of hydrogen-bonded
peptide groups. A chain of hydrogen fluoride molecules placed
inside a nanotube of small radius can form hydrogen-bonded zigzag
chain ---FH---FH---FH supporting proton transport. In such
molecular systems, the hydrogen-bonded chains retain their struc-
ture and the interaction with the nanotube leads to their additional
stabilization. For some molecular structures, the hydrogen-bonded
chains will remain stable even at T = 500 K.

Il. NONLINEAR DYNAMICS OF MOLECULAR
HYDROGEN-BONDED CHAINS

The presence of hydrogen-bonded chains of hydroxyl groups
in the molecular system

...O-H---O-H.--O-H.--O-H.--O-H (1)

ensures its high proton conductivity in the direction of these
chains.”” Proton transport across cell membranes takes place
through protein proton channels and passes through hydrogen

pubs.aip.org/aip/cha

bond chains (1) formed by amino acid residues containing the
OH hydroxyl group (serine, threonine, tyrosine).” In the bacte-
riorhodopsin molecule, the hydrogen bond chain is formed by
tyrosine residues contained in the seven trans-membrane «-helical
segments of the molecule. Hydrogen bonding chains (1) act as
proton “wire” and provide an efficient pathway for rapid proton
transfer.'”

The idea of proton transport through the hydrogen bond
chains of water molecules was proposed by Theodore von Grotthuss
in 1804."" According to modern ideas, proton transport in water and
ice takes place along the hydrogen bonding lattice and is divided
into two phases: the passage of the ionic defect (H") (proton trans-
port between water molecules involving the exchange of a covalent
bond between O and H with a hydrogen bond) and the passage of
the orientational defect (Bjerrum defect), which returns the hydro-
gen bonding chain to its initial state."” Proton transport along the
zigzag chain of hydrogen bonds occurs in the form of migration of
two types of defects: ionic and orientational.'””’ Defect migration
can be described as the motion of topological solitons.”’~** The cre-
ation and development of the theory of proton soliton transport in
the literature is shown schematically in Fig. 1.

Based on the helical structure of protein® and the theory of
wave excitations (excitons) of molecular crystals,*’ A.S. Davydov
and N.I. Kislukha in 1973 (see also Refs. 31-33) proposed the
theory of soliton energy transport along the alpha-helix of protein
molecules. The alpha-helix of a protein is stabilized by three parallel

N. Bjerrum 1952,
L. Onsanger 1969

Ions and oreientaional

e V. Y. Antonchenko, A. S. Davydov, A. V.
Zolotaryuk 1983

) Two-component soliton model for

T Grofihuss 1804 P! defects in ice and water proton (ion defect) motion in chain
' . of hydrogen bonds.
Hopping *
L J. F. Nagle, H. J. Morowitz +
proton transfer in 1= 1978, EL Merz, G. Zundel
chains of 1981 Soliton models for proton transport
hydrogen-bonded Transmembrane chains 1991-...
water B! of hydrogen bonds as | St. Pnevmatikos, A. V. Savin, A. V.
proton wires for proton Z°|°atf]:jy;'4k' JYlil'elséa'Ei\fhar’
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FIG. 1. Milestones of the nonlinear theory of hydrogen-bonded molecular chains and soliton-based proton transport.
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chains of hydrogen-bonded HNCO peptide groups (PGs),
H-N-C=0- - -H-N-C=0. - - H-N-C=0- - -, @)

where the lines represent the valence bonds and the dots the repre-
sent hydrogen bonds. According to Davydov’s theory, these chains
can transport energy released during the hydrolysis of the adeno-
sine triphosphate (ATP) molecule in the form of self-localized states
of vibrations of amide-I double valence bonds C=0, which are part
of PG. The self-localization of the amid-I vibration is caused by its
non-linear interaction with longitudinal deformations of the hydro-
gen bond chains (2). Using this model, it was shown that in a-helical
protein molecules, nonlinear collective self-localized excitations can
propagate without energy loss and shape change, which were later
called Davydov solitons.”*=*

In the first papers by Davydov et al., the continuum approxima-
tion was used and the a-helix was treated as a continuous medium.
The discrete model was used to numerically model the dynamics of
Davydov solitons in the work of Scott et al.”"** These works have
led to an increased interest in the Davydov model.””~** The Davydov
model is still actively used today (see Refs. 46-50).

The presence of hydrogen bonding chains (2) also allows for
the possibility of external electron transfer in «-helical proteins in
the form of an electrosoliton (a bound state of a localized electron
with the region of helix deformation resulting from the interaction
of the electron with the PG chains).”'~**

Practically, all molecular complexes with hydrogen bonding
chains are no longer stable at high temperatures (at T > 100°C
all hydrogen bonding chains are destroyed). This complicates the
use of such molecular systems in nanotechnology. In this work, it
will be shown that the use of complexes of such molecular sys-
tems with carbon nanotubes can significantly increase the stability of
the hydrogen bond chains. For this purpose, quasi one-dimensional
molecular systems (o-helix of protein, zigzag chain of hydrogen flu-
oride molecules) will be placed in carbon nanotubes of a certain
radius. In this case, the hydrogen bonding chains will retain their
structure and the interaction with the nanotube will lead to their
additional stabilization, which will allow them to be used for energy
and charge transfer over a wider temperature range. In such com-
posite systems, the hydrogen bonding chains will remain stable even
at T = 500 K.

I1l. HELICES OF PROTEIN MOLECULES

In order to analyze the helical structures, we consider a
polypeptide chain (Gly)y composed of N peptide groups, described
by the chemical formula,

C,H;—HNCO—(C,H,—HNCO—-)y_,C,H,—H,NCO, (3)

where three hydrogen atoms are attached to the first a-carbon atom
and one hydrogen atom is attached to the nitrogen atom of the last
peptide group.

For numerical modeling, a polyglycine chain (3), we consider
a-carbon atoms with attached hydrogen atoms as one hybrid atom
C,. In this case, each chain consists of five atoms C,, C, O, N,
and H with the coordinates {u,;}}_;, where n is the link number
of the polypeptide chain, and i is the atomic number. The atomic
masses are M, = 14my, M, = 12m,, M,,3 = 16m,, M, 4 = 14my,,

pubs.aip.org/aip/cha

M, 5 = m, (for the end links M,; = 15m,, My4 = 15m,), where
m, = 1.6603 x 10"*kg—the mass of a proton. To study numeri-
cally the interatomic interaction, we employ the AMBER general
force field for organic molecules (version 2.1, April 2016).”

We write the Hamiltonian of a polypeptide chain in the form,

N 5 1
= 3 [S i + P (w50 @
n=1 i=1

Here, the first sum defines the kinetic energy, with the three-
dimensional vector w,; = (X, ¥ui» 2;) defining the coordinates of
the ith atom of the nth chain link. The second sum describes the
potential energy of the chain determined with the AMBER force
field approach.

For the stationary state of the chain, we need to solve numeri-
cally the problem of the minimum potential energy,

P — min: {un,i}i\’:l,i:l' ®)

The solution of problem (5) depends on the choice of the initial con-
figuration of the chain. The configurations obtained from modeling
the dynamics of a polypeptide chain in a carbon nanotube were used
to solve the problem. Due to spatial constraints, such configurations
always have the form of a chain directed along the nanotube. By
changing the radius of the nanotube we can obtain all possible heli-
cal configurations. The numerical solution of problem (5) showed
that polypeptide chain (3) has four stationary states as a helix chain:
310-helix, a-helix, 7-helix, and B-helix—see Fig. 2. We assume that
the peptide groups #n and k (n < k) form a hydrogen bond with
the nonvalent interaction energy of the corresponding chain links
defined as

Euge = U ((wd Ly (ugy)2, ) < ~0.16 eV,

We noticed that the distance between N and O atoms determined by
the presence of a hydrogen bonding between the peptide groups is
not a good measure, since the bonding energy depends not only on
the distance of these atoms but also on the mutual orientation of the
peptide groups.

Each helix is characterized by the steady state energy E, the
number of hydrogen bond chains N;,, the number of hydrogen
bonds Ny, the average bond energy

Npb

Epp, = — Z Eyy i,/ Nib, (6)

=1

and the length of the helix (the distance between the end alpha
carbon atoms L = |uy; — uy;|).

The chain of N = 73 peptide groups was used to analyze the
helical structures. The values of E, Ny, Nip, Enb, and L for different
stationary states (conformations) of the polypeptide chain (Cly);3
are given in Table I. As can be seen from the table, the most ener-
getically unfavorable structure is the 3;9-helix. Such a helix is highly
stretched, it has two chains of weakened hydrogen bonds—see Fig. 2.
Further more favorable in energy are the «-, 77 -, 8-helix and globule
structures.

We study the dynamics of helical structures by placing the
polypeptide chain in a Langevin thermostat at temperature T and
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FIG. 2. Helical structures of the peptide chain (Gly)s,: (a) 31o-helix (stationary structure energy E = 16.26 eV, hydrogen bond energy Ey, = 0.175€V, length L = 9.66 nm);
(b) ce-helix (E = 12.00, Ey, = 0.258, L = 7.64); (c) r-helix (E = 11.32, E, = 0.268, L = 6.01); (d) B-helix (E = 10.03, E, = 0.268, L = 4.67). Carbon atoms are shown
in green, nitrogen atoms in blue, oxygen atoms in red, and hydrogen atoms in white. Hydrogen bonds are shown as thin lines. Hydrogen atoms of «-carbon atoms are not

shown.

study numerically the dynamics of the system for the time period
of t =100ns. To do this, we integrate numerically the system of
Langevin equations,

0H

un,i

Mn,iiin,i = — — FMn’il'ln)i — En,b n= 1, e ,N, i= 1, ey 5,

@)

where I' = 1/t, is the friction coefficient and E,; = {’g‘n,,-,k}iz1 is the
three-dimensional vector of normally distributed random Langevin
forces with the following correlations:

(Emik (1€, ju(12)) = 2My, ikg TT 85, 1, 85018 (11 — 12).

Here, M,,; is the mass of the ith atom of the nth segment of polypep-
tide chain, kg is the Boltzmann constant, and T is temperature of
the Langevin thermostat, numbers n;,n, = 1,...,N,i,j=1,...,5,
k,1=1,2,3. The parameter t, = 10 ps characterizes the intensity of
energy exchange between the molecular system and the thermostat.

The equations of motion Eq. (7) are solved numerically using
the velocity Verlet method.” A time step of 1fs is used in the sim-
ulations, since further reduction in the time step has no appreciable
effect on the results.

Let us numerically integrate the system of equations of motion
(7) with the initial condition corresponding to the stationary state of
the polypeptide chain. After the dynamics of the molecular system

TABLE |. Energy E, number of hydrogen bond chains Ng,, number of hydrogen
bonds Ny, average hydrogen bond energy Eyy, and chain end distance L for different
stationary states (conformations) of the polypeptide chain (Gly)z3.

Conformation E (eV) Ngp Ny, Epy, (V) L (nm)

310-helix 22.56 2 71 0.1704 13.59
a-helix 16.22 3 70 0.2583 10.79
7 -helix 14.93 4 69 0.2695 8.46
B-helix 14.00 5 70 0.2560 5.94
globule 13.33 . 60 0.2341 0.57

reaches the steady state, we will find the time averages of the sys-
tem energy E(T), the number of hydrogen bonds Nuw (D), and chain
length L(T).

The state of the system can be conveniently characterized by its
dimensionless heat capacity,

1 dE(T)
c= _
15Nks dT

8)

the normalized number of hydrogen bonds ny, = N (T)/N and
chain length L(T). The dependence of these quantities on temper-
ature is shown in Fig. 3.

The 34-helix is the most unstable. At temperature T = 10K, it
changes to m-helix. The alpha-helix of the chain remains stable at
T<Ti=9K at Ty < T < T, = 235K, the «-helix changes into
m-helix; and at T, < T < T; = 285K, that changes into B-helix. At
T > T;, the chain transforms into a globule shape—see Fig. 3. The
m-helix remains stable at T < T, and at T = T, it changes into a
B-helix. The beta helix is stable at T < Ts, and at T > Ts, the chain
adopts the globule form. The transitions between the forms of the
helix occur without changing the heat capacity of the molecular
system; i.e., these are second-order phase transitions. The increase
in the heat capacity occurs only when the chain transitions to the
globular form. The temperature T = T can be considered the melt-
ing point of the S-helix. The transition of a helix into a globule is
first-order phase transition; here, the dimensionless heat capacity
increases fromc=1toc = 1.2.

Thus, in an isolated polyglycine peptide chain, regular chains of
hydrogen bonds (2) can only exist at low temperatures T < 285 K.

IV. CONFORMATIONS OF A PEPTIDE CHAIN INSIDE A
CARBON NANOTUBE

Polypeptide molecules tend to self-insertion into carbon nan-
otubes with open ends. Inside the nanotube, polypeptide atoms
are able to fully realize non-valent interactions with its surface.”*~*
This is particularly significant for hydrophobic polypeptides such as
(Gly)n, (Ala)y, (Val)y, (Ile)y. Let us determine what conformations

Chaos 34, 043111 (2024); doi: 10.1063/5.0197401
Published under an exclusive license by AIP Publishing

34,043111-4

10:22:10 20z 8unr L}


https://pubs.aip.org/aip/cha

Chaos ARTICLE

160 260 360 460
T (K)

FIG. 3. Dependence of (a) the normalized number of hydrogen bonds ny,
(b) the dimensionless heat capacity ¢, and (c) the chain end spacing L for a
polypeptide chain (Gly)73 originally shaped as a «-helix. The vertical lines indicate
the temperature values of 95, 235, and 285 K.

the polypeptide chain (Gly)y inside a single-walled carbon nanotube
with chirality index (1, m) (CNT ) can take.

To describe the dynamics of the CNT, we present the nanotube
Hamiltonian in the form,

Ne¢ 1
Hc = Z |:5Mn,0(‘-7m Vn) + Qn] > (9)
n=1

where N, is the number of atoms in the CNT, and M,,  is the mass of
nth carbon atom, v, = {1/,,,,4(1f)}f=1 is the radius vector of nth atom at
the time ¢. The term Q,, describes the interaction energy of the atom
with index n with neighboring atoms.

To describe the carbon-carbon valence interactions, let us use
a standard set molecular dynamics potentials.”*” We consider a
hydrogen-terminated nanotube with open ends, where the edge
atoms correspond to the molecular group CH. We will consider such
a group as a single effective particle at the location of the carbon
atom. Therefore, in our model of open CNT, we take the mass of
atoms inside the nanotube as M,y = 12m, and for the edge atoms
as Mo = 13m,,.

The valence bond between two neighboring carbon atoms n
and k can be described by the Morse potential,
2

Ui (Vi Vi) = &1 {exp[—a (e — )] — 1} (10

pubs.aip.org/aip/cha

where 7 = |[v, — Vi|, &; = 4.9632 ¢V is the valence bond energy,
and r; = 1.418 A is the equilibrium valence bond length.

The valence angle deformation energy between three adjacent
carbon atoms , k, and I can be described by the potential,

U (Vi Vio V1) = &:(cos ¢ — cos ¢p)’, (11)

where cos¢ = (v, — Vi, Vi — Vi) /txt, and @ = 27/3 is the
equilibrium valent angle. Parameters « = 1.7889A! and
&, = 1.3143 eV can be found from the small-amplitude oscillation
spectrum of the graphene sheet.”’ Valence bonds between four adja-
cent carbon atoms #, m, k, and I constitute torsion angles, whose
potential energy can be defined as

Us(¢) = &3(1 — cos ¢), (12)

where ¢ is the corresponding torsion angle (¢ = 0 is the equilibrium
value of the angle) and ¢; = 0.499eV. A detailed discussion about
the choice of the interatomic potential parameters can be found in
Ref. 59.

We describe the interaction of polypeptide chain atoms with
nanotube atoms using Lennard-Jones potentials with parameters
from the AMBER force field.

The Hamiltonian of the molecular system (Gly)yeCNT will
have the form,

Ne 1 N 5 1
H= 3 o Mag¥n¥) + 30 5 (Mg )
n=1

n=1 i=1
+E ({Vn}ﬁ]ip {un,i}z])zsl,izl) > (13)

where the first summand defines the kinetic energy of the carbon
nanotube (N, is the number of atoms of the nanotube), the second
defines the kinetic energy of the polypeptide chain, and the third
defines the interaction energy of the atoms of the system.

To find the stationary state of the two-component system
(Gly)nyeCNT, it is necessary to solve numerically the problem on
the minimum of the interaction energy,

E — min: {vn}i,\];p {un,i}fq\]':i,i:y (14)

Let us take the polypeptide chain (Gly);; and place it inside a
nanotube of length L, = 16.1 nm. The numerical solution of prob-
lem (14) shows that the polypeptide chain inside the nanotube takes
the form of a helix, the type of which depends on the radius of the
nanotube R—see Table 1. Thus, at R < 5A, the chain inside the
nanotube can take only one stationary state—helix 3,,. Two station-
ary states of the chain helix 3,o- and «-helix are possible inside the
nanotube (13,0)—see Figs. 4(a) and 4(b). The a-helix can exist in all
nanotubes with radius R > 5.1 A, and 7-helix—in nanotubes with
R>59A, B-helix - in nanotubes with R > 6.1 A. Note that in nan-
otubes with R < 5A , hydrogen bonds become strong for 3,,-helix,
the strongest interaction between the polypeptide chain and the nan-
otube occurs here (the smaller the radius of the nanotube, the greater
the interaction energy).

Let us consider the dynamics of the (Gly);;€CNT complex. To
do this, we place the nanotube in a Langevin thermostat of temper-
ature T (the thermalization of the polypeptide chain inside the CNT
will occur through its interaction with the nanotube) and numer-
ically simulate the dynamics of the molecular complex during the
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TABLE Il. Values of the nanotube radius R, the helix type of the polypeptide chain,
the energy E of the stationary state of the complex (Gly);s €CNT,m), the interac-
tion energy E; of the polypeptide chain with the nanotube, and the average hydrogen
bonding energy Ey, for different nanotubes with chirality index (n, m) (nanotube length
Let = 16. 1 nm). The positive value of the complex energy E is due to the fact that in
a cylindrical nanotube, unlike a flat nanoribbon, the valence bonds are always not in
the ground state. The smaller the radius of the nanotube, the more tense the valence
bonds are and, therefore, the higher the value of the energy. The energy Ey, is positive
due to its definition—see formula (6).

(n, m) R(A) Helix  E(eV) —E (eV)  Ey (eV)
(12,0 4.74 310 221.53 39.16 0.2756
(7,7) 4.76 310 219.25 39.66 0.2744
(13,0) 5.13 310 204.16 37.33 0.2005
o 203.88 33.39 0.2711
(8,8) 5.43 o 188.93 34.06 0.2618
(14,0) 5.52 o 186.57 33.65 0.2584
(15,0) 5.91 o 178.93 28.74 0.2314
b 175.29 30.87 0.2705
(9,9) 6.11 o 175.68 25.53 0.2481
b 170.79 29.12 0.2641
B 171.71 30.33 0.2588
(16,0) 6.29 o 172.18 24.25 0.2558
b 167.92 27.03 0.2614
B 167.64 28.63 0.2532
(17,0) 6.68 o 164.70 21.74 0.2568
7 161.99 22.92 0.2652
B 157.05 27.68 0.2708
(10,10) 6.78 o 162.77 21.06 0.2555
7 160.16 22.15 0.2658
B 155.55 26.46 0.2700
(18,0) 7.07 o 157.64 19.89 0.2587
b 155.23 20.83 0.2659
B 152.06 23.31 0.2653
(11,11) 7.46 o 150.77 18.48 0.2570
b 148.85 19.33 0.2660
B 146.56 20.24 0.2636

time ¢ = 20 ns. To do this, we numerically integrate the system of
Langevin equations,

.. oH .
MoV, = — v 'M,ov, — ©,,n=1,...,N,, (15)
A
.. oH .
M, u,; = — n=1...,N,i=1,...,5, (16)
ou,,;

where 0, = {r],,,k}z=1 is three-dimensional vector of normally dis-
tributed random Langevin forces with the following correlations:

Mgk (E) Ny 1 (£2)) = 2Mys, 0k TT 8y 11y S8 (11 — 12).

We numerically integrate the system of equations of motion
(15) and (16) with the initial condition corresponding to the solution
of the minimum problem (14). After the dynamics of the molecular
complex reaches the steady state, we will find the time averages of
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the complex energy E(T), the number of hydrogen bonds Ny, (T),
and peptide chain length L(T).

The state of the molecular complex can be characterized by its
dimensionless heat capacity,

(e 1 dE(T)
" 3(N.+5N)kg dT

) 17)

the normalized number of hydrogen bonds iy, = Ny (T)/N and
peptide chain length L(T). The dependence of these quantities on
temperature for different nanotubes is shown in Figs. 5 and 6.

Numerical integration of the system of equations of motion
(15) and (16) showed that at T < 500K, there is only one basic
helix type for each nanotube. For CNT 3, the 3;0-helix will be the
basic helix. Here, at T < 75K, two forms of helix can exist: 3;,- and
a-helix, and at T > 75K, only the 3;¢-helix can exist (thermal fluc-
tuations lead to the transition of the a-helix to the 3,y-helix)—see
Figs. 4 and 5. The 3 helix exists at all temperatures T < 500 K. As
the temperature increases, only partial breaking of the edge hydro-
gen bonds occurs, leading to a decrease in ny,, and an increase in
the peptide chain length L. The dimensionless heat capacity of the
(Gly)73€CNT 33, complex remains constant at ¢ = 1.

Note that for an isolated peptide chain, the 3o-helix form is
the most unstable. Even at T'= 10K, thermal fluctuations lead to a
rapid transition to the w-helix, and at T = 285K, the chain melts
(the chain changes from helical to molten globule form).

In nanotube (8,8), the ground state of the peptide chain will
always be a-helix; in CNT (9,9), that will be 7-helix; and in CNT
(10,10), that will be B-helix. The appearance of these helical states of
the peptide chain in nanotubes with chirality indices (8,8), (9,9), and
(10,10) is shown in Fig. 7. All these helixes are stable to thermal fluc-
tuations at T < 500 K. With increasing temperature, there is only
a small decrease in the number of hydrogen bonds—see Fig. 6(a).
At the same time, the dimensionless heat capacity always remains
equal to one and the length of the helix is almost unchanged—see
Figs. 6(b) and 6(c).

Thus, placing a polypeptide chain in a nanotube of small radius
will stabilize its helical shape. For the simplest polypeptide chain
(Gly)y, the most stable to thermal fluctuations will be the «-helix
lying inside the nanotube (9,9). Here, the a-helix is conserved at all
temperatures T < 500 K. Note that such stabilization of the helical
shape is impossible for an isolated polypeptide chain. Note that the
optimal nanotube radius for helix stabilization depends on the size
of the amino acid residues. For larger Ala, Val, Ile residues, the best
stabilization will occur in nanotubes of larger radius.

V. HYDROGEN-BONDED CHAINS OF HYDROGEN
FLUORIDE MOLECULES

As was shown in a number of theoretical and experimen-
tal studies of water-filled carbon nanotubes,””~®° water molecules
can move inside open-edged nanotubes and form extended hydro-
gen bond chains. Small-diameter nanotubes with a chain of water
molecules inside can act as proton-conducting channels.®*

Carbon nanotubes are hydrophobic, and the presence of water
molecules inside them is not energetically favorable. Inside the
nanotube, water molecules cannot organize a three-dimensional lat-
tice of hydrogen bonds. For example, inside a CNT ¢ (diameter
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FIG. 4. State of the polypeptide chain (Gly);3 located in the nanotube (13,0) with open edges: (a) 31p-helix (T = 10K), (b) a-helixat T = 10K, and (c) T = 300K (the peptide
chain is 31g-helix). For ease of review, only one half of the nanotube atoms is shown (nanotube atoms are shown in gray). The length of the nanotube is Leyt = 16.14 nm,
and the number of carbon atoms is N, = 1976.

D = 0.80 nm), only one chain of water molecules can be found, in
which each molecule participates in the formation of two hydro-
gen bonds (in the bulk phase, each molecule participates in the
formation of four bonds).”’

Hydrogen fluoride molecules FH can also form zigzag chains
of hydrogen bonds (FH),

...F-H...F-H...F-H...F-H. . -F-H, (18)

which are similar to zigzag chains of hydroxyl groups (1). At tem-
perature T < 189.6K, hydrogen fluoride has a crystal structure
formed by parallel flat hydrogen bond chains.”’ Note that a separate
zigzag chain of hydrogen bonds (18) becomes unstable in three-
dimensional space. The chain breaks down into cyclic chains of
small size, the most stable being chains of six molecules in the shape
of a regular hexagon.”" Hydrogen bond chains (18) can be stabi-
lized by placing them inside the CNT, i.e., forming a (FH),,€CNT
structure.

One hydrogen fluoride molecule can participate in the for-
mation of two hydrogen bonds in each chain (18). The study of
interaction of the F-H.- - -F-H dimer with CNT reveals that for the
hydrogen fluoride dimer, it is energetically more favorable when the
dimer is placed inside the nanotube.”” As a result, being placed inside
open CNTs, (FH)y chains can form stable (FH)yeCNT structures
(N—number of hydrogen fluoride molecules). Keeping hydrogen
fluoride inside nanotubes may help to avoid problems associated
with its high toxicity.”

We simulate numerically molecular complexes (FH)yeCNT
by describing the valence bond deformation of the two-atom FH
molecule with a harmonic potential,

1
Vip) = SK(p = £’ (19)

where p and py = 0.929 A are the current and equilibrium bond
lengths, respectively, and K = 444.3 N/m is the bond stiffness.

The interaction of FH molecules is conveniently described by
the potential 12-6-1,""*

U= kag/rj +4e[(a/1)* = (o/n°], (20)

i=1 j=1

where the first sum defines the Coulomb interaction between sys-
tems of point charges approximating the charge distribution in a
pair of interacting FH molecules (r; describes the distance between
the charge g; of the first molecule and the charge g; of the sec-
ond molecule), r stands for the distance between the centers of the
fluorine atoms, and the coefficient ¥k = 14.400 611 eVA/e?. Two pos-
itive charges ¢, q; are on atoms F and H, and the negative charge
q1 = —(q2 + g3) is at a distance r; from atom F on the interval
[FH]. If potential (20) does not fix the position of the two charges
on the atoms of the molecule, the potential will be given by seven
parameters: two charges, three distances {r;}}_,, specifying the posi-
tion of the charges on the line connecting atoms F and H, and two
parameters ¢ and o of the Lenard-Jones potential.

We noticed that the sufficiently large number of free param-
eters of the 12-6-1 potential allows an efficient modeling of the
dynamics of two-atom FH molecule complexes. Usually, the FH
molecule participates in the formation of two strong hydrogen
bonds. We assume that when the valence bond length r = |FH]|
changes, the distances between the charges from the center of the
fluorine atom also change proportionally. To model numerically the
dynamics of hydrogen bond chains (18), we employ potential (20)
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FIG. 5. Dependence of (a) the normalized number of hydrogen bonds ny,
(b) the dimensionless heat capacity c, and (c) the distance between the ends
of the peptide chain L for the molecular complex (Gly);3€CNT 430,. Curves 1, 2,
and 3 show the dependencies for the 34p-helix chain, and curves 4, 5, and 6 show
the dependencies for the a-helix chain. The length of the CNT is Ly = 16.14 nm,
the number of atoms is N; = 1976, and at T = 75K, there is a transition from
a-helix to 31g-helix.

with the Parameters,
q1 = —0.6397¢, g, = 0.6159¢, g3 = 0.0238e,
ri = 0.2577p/po, 12 = 0.9356p/py, 13 = —1.6237p/ po,
e = 0.0079778¢eV, o = 2.837109 4,

where we introduce p and p, as the dynamic and equilibrium
lengths of the F-H valence bond and e is the charge of an elec-
tron (dimension [r;] =A). Using those parameters, we define the
FH molecule with the correct values for the dipole and quadrupole
moments,

3 3
n= Z%”i, Q= Z‘Ji(ri — ),
i=1 i=1

where r,, is the distance between the centers of the molecule and the
fluorine atom. TIN this approach, the ground-state energy of the
dimer (FH), agree well with the experimental data of Ref. 75, as well
as the results of the quantum calculations.”

Consider open armchair and zigzag nanotubes with hydrogen
atoms attached to the edge carbon atoms—see Fig. 8. To find the
ground state (FH)y€CNT, it is necessary to solve numerically the
problem on the minimum of potential energy of the system (14).
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FIG. 6. Dependence of (a) the normalized number of hydrogen bonds ny,
(b) the dimensionless heat capacity ¢, and (c) the distance between the ends
of the peptide chain L for the molecular complex (Gly)73€CNT for nanotube (8,8)
(curves 1, 4,7), (9,9) (curves 2, 5, 8), and (10,10) (curves 3, 6, 9). In nanotube
(8,8), the peptide chain is a-helix, in (9,9) is -helix, and in (10,10) that is B-helix.

By choosing the initial position of the molecules, we can obtain all
possible stationary states of the two-component system. At the posi-
tion of the chain (FH)y along the outer surface of the nanotube, we
obtain a flat zigzag chain of hydrogen bonds with pitch a = |FF|
= 2.49 A and zigzag angle « = /FFF = 117°. Torsion angle of the
chain (dihedral angle formed by four consecutive fluorine atoms)
¢ = ZFFFF = 180°.

The numerical solution of the minimum energy problem (14)
showed that the hydrogen bond chain (18) retains a flat zigzag shape
when placed inside the nanotubes of diameter D < 0.85 nm—see
Fig. 8 and Table III. The chain pitch a is weakly dependent on the
nanotube diameter, the chain zigzag angle o decreases monoton-
ically with increasing diameter, the chain torsion angle ¢ = 180°
at D < 0.85nm. In the nanotube (11,0) (D = 0.86 nm), the chain
takes the form of a three-dimensional helix (torsion angle ¢ < 180°)
running along the nanotube surface.

The modeling shows that the hydrogen bond chain closest in
The structure to the hydrogen bond chain of the hydroxyl groups
(1) is formed by hydrogen fluoride molecules inside nanotubes with
chirality indices (6,6) and (10,0). We will, therefore, consider these
complexes further.

To avoid the possibility of hydrogen fluoride molecules escap-
ing from the nanotubes, it is better to narrow their open edges as
shown in Fig. 9. The small diameter of the edge openings (D = 0.47
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FIG. 7. Configuration of peptide chain (Gly);3 in (a) carbon nanotube (8,8)
(Lent = 11nm), (b) nanotube (9,9) (Lx = 8.8), and (c) nanotube (10,10)
(Lot = 7.3). The temperature is T = 300K. In nanotube (8,8), the chain is in
the form of a «-helix, in nanotube (9,9), that is in the form of a zz-helix, and in
(10,10), that is in the form of a B-helix. For convenience, some carbon atoms of
the nanotubes are not shown.

and 0.42 nm) will prevent a large fluorine atom from leaving but
will preserve the possibility of protons leaving and entering. So we
get a chain of hydrogen bonds encapsulated in a carbon nanotube:
(FH)y@CNT. Note that in 2016, endohedral fullerene HF@C60 was
synthesized containing Buckminsterfullerene inside a molecule of
hydrogen fluoride.””

Proton transport along the zigzag chain of hydrogen bonds
proceeds by migration of two types of defects: ionic and
orientational.'””’ In the first stage of transport, the proton moves
as an ionic defect. There is a sequential movement of hydro-
gen atoms along the hydrogen bond lines from one fluorine
atom to the neighboring one, transferring the chain from the
...FH...-FH...FH...FH--- to the - .-HF...HF...HF...-HF---.
In the second stage, an orientation defect (sequential rotation of the
FH chain molecules by the zigzag angle or) must pass through the
chain to bring the chain back to its original orientation.

Note that the used force field (19) and (20) allows us to model
the formation and motion of orientational defects.

The chain of hydrogen bonds inside the nanotube is bistable,
and all molecules of the chain can be orientated either from left to
right or from right to left. An orientation defect occurs when the
molecules of the chain are directed in different directions in the first
and second parts of the chain. When the molecules face each other,
an excess density of protons appears in the defect localization region,

ARTICLE pubs.aip.org/aip/cha

A » ?
» 'l..‘ 'l‘.\ YWY
JATITITATIT 4565 8 S5

B
e Y IR Y ST Y Y Y Y

TS e e
AT T8989 -9 -8 -9
N ARBRRRN

W W W
SRR EE R R R

FIG. 8. Stationary state of the hydrogen bond chain (FH)y inside an open
single-walled CNT with chirality index (n, m): (a) (FH)3€CNTss, (nanotube
chemical formula Csoono); (b) (FH)35€CNT(9,0) (CG48H13); (C) (FH)agECNT(m,o)
(Cr20H20); (d) (FH)36€CNT56) (Cr20Has); (€) (FH)as€CNT 11,0y (CrooHzo); and
(f) (FH)106 €CNT 7.7 (CaaoHas). For ease of review, some atoms of the nanotubes
are not shown.

so such a defect is called a positive defect—see Figs. 9(b) and 9(e).
When the molecules are directed away from each other in the defect
localization region, the proton density decreases, so such a defect is
called negative—see Figs. 9(c) and 9(f).

TABLE lll. Values of nanotube diameter D, pitch a, and angle « of zigzag and angle
of torsion ¢ of hydrogen bonding chain (FH)., inside CNT 5 ).
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(n, m) D(A) a(h) a () ¢ ()
(5,5) 6.8 2.48 138 180
(9,0) 7.1 2.48 132 180
(10,0) 7.8 247 114 180
(6,6) 8.1 247 113 180
(11,0) 8.6 247 108 120
(7,7) 9.5 2.60 88 93
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FIG. 9. Stationary state of the hydrogen bond chain (FH)y inside CNT,m
with narrowed open edges: (a) (FH)ss@CNT 100, (nanotube chemical formula
Cu30H12), ground state; (b) a chain with a positive orientational defect; (c) a chain
with a negative orientational defect; (d) (FH)ss@CNT 66y (Ca02Hzo), ground state;
(e) a chain with a positive orientational defect; (f) a chain with a negative orienta-
tional defect (defects are located in the center of the chain). For simplicity, some
atoms of the nanotubes are not shown.

The stationary orientational defects of the hydrogen bonding
chain (FH)y inside CNT (6,6) and (10,0) are shown in Figs. 9(b),
9(c), 9(e), and 9(f). As can be seen from the figure, the orienta-
tional defects are localized at three to four chain links. In nanotube
(6,6), the energy of positive defect (the difference in the energy of the
chain with defect from the energy of the ground state of the chain) is
AE, = 0.56 eV, and the energy of negative defectis AE_ = 0.51 eV.
In the (10,0) nanotube, the orientational defect energies of the chain
AE, = 0.06eV, AE_ = 0.91€V.

To test the stability of a chain of hydrogen bonds (FH)y placed
inside a CNT, a molecular dynamics simulation was carried out on
a chain of N = 177 FH molecules placed inside a CNT 4, with nar-
rowed open edges. With a length of L = 38.7 nm, such a nanotube
is presented by the formula Css0Hy. A zigzag chain of hydrogen
bonds (FH),7; completely fills the internal cavity of the nanotube.
Such a nanotube of length L = 8.7 nm is shown in Fig. 9(d).

pubs.aip.org/aip/cha

Numerical modeling of the system of equations of motion (15)
and (16) showed that the chain of hydrogen bonds inside the nan-
otube, complex (FH);77@CNT g, at all considered temperatures
T < 500K remains stable—it always remains inside and maintains
a zigzag shape. At T < 400K, the chain of hydrogen bonds always
remains in the initial ground state, and at T > 400K, a positive ori-
entational defect’® can already appear at the right end of the chain
and then move along it.

Simulation of the dynamics of a complex with an orientational
defect in the internal chain of hydrogen bonds showed that the
movement of the defects is thermally activated (at low tempera-
tures the defects remain pinned) and occurs in the form of Brownian
motion of the particle along the chain. The higher the temperature,
the higher the mobility of defects. A positive orientation defect has
higher mobility than a negative defect. A defect disappears when it
reaches the end of the chain and the chain goes into a homogeneous
ground state.

Thus, thermal vibrations do not lead to breaks in the chain of
hydrogen bonds (FH), inside the carbon nanotube, so the chain can
always be used for proton transport. When a proton is transferred
along a chain of hydrogen bonds, the longest time is required for its
reorientation after passing through the ionic defect. This reorienta-
tion, the transition of the chain from the HF- .- HF- .- HF- - - state
to the FH---FH---FH- - - state, occurs due to thermally activated
passage along the chain of positive orientation defect. Therefore,
thermal vibrations not only do not interfere with the transport of
protons along the chain of hydrogen bonds inside the nanotube, but
they are its necessary condition.

VI. CONCLUSION

Being motivated by the pioneering papers of David Camp-
bell on nonlinear dynamics of molecular structures, here we have
studied numerically the structure and dynamics of several types of
hydrogen-bonded molecular chains placed inside caped or open-
edge carbon nanotubes. We have demonstrated that a polypeptide
chain can be stabilized by a carbon nanotube, and it may transform
into a helical structure with parallel chains of hydrogen-bonded pep-
tide groups. A chain of hydrogen fluoride molecules placed inside a
carbon nanotube of a small radius can create a hydrogen-bonded
zigzag chain being highly suitable to support an efficient proton
transport. In such molecular systems, the hydrogen-bonded chains
retain their structure, being stabilized by the interaction with car-
bon nanotubes. Our studies have uncovered that for some types
of molecular structures, the hydrogen-bonded chains will remain
stable up to T'=500K. Thus, the results of our numerical mod-
eling suggest that the use of carbon nanotubes with encapsulated
hydrogen fluoride molecules would allow to engineer anhydrous
molecular systems supporting high proton conductivity being able
to operate at high temperatures.
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