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An analytical form of the model of the quasi-equilibrium conformational structure of the units of the
Gaussian chain of a polyelectrolyte adsorbed on a nanospheroid with a relatively low electrical conductivity
(undoped semiconductor) polarized in an external harmonically varying quasi-static electric field with a
frequency significantly lower than the plasma frequency of the nanoparticle material is proposed. Variants of the
model are discussed that go beyond the scope of the quasi-static approximation, i.e., take into account the effects
of delay, the manifestation of which will be noticeable in the case of sufficiently extended nanostructures.
Electrically induced conformational changes of generally neutral polyampholytic polypeptides on the surface of a
spherical germanium nanoparticle in a static or alternating external electric field have been studied by molecular
dynamics. In a static electric field, in the case of a small distance between the charged units in the polyampholyte,
a large number of macrochain loops were formed, elongated in the direction of the polarization axis of the
nanoparticle. If the distance between the oppositely charged amino acid residues of the polypeptide exceeded the
diameter of the nanoparticle, the charged units were mainly localized in the oppositely charged subpolar regions
of the polarized germanium nanoparticle. In an alternating electric field, a girdle polyampholyte edge was formed
in the equatorial region of the nanoparticle, the macrochain links of which were desorbed from the surface with
an increase in the amplitude of the polarizing alternating electric field.
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1. Introduction

Conjugates of quantum dots with macromolecular chains are widely used as biological nanoprobes, as
well as in the elements of various chemical sensors based on the use of the Forster energy transfer between
nanoobjects connected by a macrochain [1-9]. In this aspect, of great interest is the control of the
characteristics of such functional nanosystems by the action of an external electric field [10-13]. To this end,
both generally neutral polyampholytic macromolecules and charged polyelectrolyte macrochains can be
located on the surface of a nanoobject, the conformational structure of which can change under the influence
of electric charges distributed over the surface of the nanoparticle.

Previously, in [14-21], conformational changes in polyampholytic polypeptides adsorbed on the surface
of gold nanoparticles of various shapes (spherical, cylindrical, and spheroidal) were studied under the
influence of both a static and an alternating microwave electric field. It was shown that the shape of a metal
nanoobject significantly affects the conformations of adsorbed polyampholytes.

The nature of adsorption of macromolecules on the surface of a nhanoobject is also greatly influenced by
its chemical composition and structure, which is especially important when considering quantum dots of
various chemical compositions. In addition, when semiconductor quantum dots are placed in an external
electric field, the values of the surface density of induced charges will be lower than for metal nanoparticles
[22]. This is especially important when considering complexes consisting of semiconductor and metal
nanoparticles with polyelectrolyte macromolecules adsorbed on them.

It was previously noted in [21] that the frequency dependence of the dipole polarizability of metal
nanoparticles located in a microwave (in the traditional technical classification, but at the same time, low-
frequency compared to the infrared frequency range) electric field practically does not manifest itself.
However, it becomes noticeable in the case of nanoparticles made from materials with a sufficiently low
specific conductivity, for example, from pure or lightly doped semiconductors such as germanium.
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Therefore, the purpose of this work is a more detailed study of changes in the conformations of
polyampholytic macromolecules adsorbed on the surface of semiconductor spheroidal nanoparticles in an
alternating microwave electric field. As well as the generalization of the mathematical model of the
formation of a quasi-equilibrium macrochain layer [21] to the case of the dispersion dependence of the
permittivity of the material of a conducting nanoparticle of a more general form, including the presence of a
real part. In particular, the construction of a new version of the theoretical model with going beyond the
quasi-static approximation, that is, taking into account the effects of delay, the manifestation of which will be
the more noticeable, the more extended the considered structures are on the scale of electromagnetic
wavelengths.

2. General mathematical model of the macrochain layer of a nanospheroid in an
external low-frequency field

2.1 Formation of a quasi-equilibrium conformational structure of polyelectrolyte chain links
adsorbed on a nanospheroid with low electrical conductivity polarized in an external harmonically
variable electric field at a frequency significantly lower than the plasma frequency of the material
(undoped semiconductor) of the nanoparticle.

A polyelectrolyte macrochain adsorbed on the surface of a spheroidal nanoparticle in the simplest
approximation can be considered as an ideal Gaussian chain [19] interacting with an electrically neutral
adsorbent particle through van der Waals forces, and in the case of a charged or polarized nanoparticle,
Coulomb forces, or forces of the “charge- dipole” [19].

The conformational function w(r), which depends on the radius vector r of a chain link and takes into

account the entropy factor for the formation of the bulk structure of a macromolecule, can be calculated on
the basis of a specialized differential equation [23], which was previously done in the case of a short-range
adsorbing potential [17, 19]. When applying an external, harmonically changing electric field E,exp(—iot),

at a sufficiently small value of the frequency w, it is possible to use the quasi-stationary approximation. It is

obvious that the frequency w, in this case, should be less than the frequency of the characteristic rose mode

of the macrochain. Under such conditions, it is reasonable to consider quasi-equilibrium conformations of a
polymer molecule adsorbed on a nanoparticle in an external field. In a simple approach, taking into account
the interaction of macrochain links with the field of a charged and polarized nanoparticle reduces to
introducing the Boltzmann factor W [19, 21].

When a spheroidal nanoparticle is placed in a quasi-stationary uniform electric field of strength E,, an
additional field of a polarized particle arises. To describe the field of charged and/or polarized ellipsoids of

revolution (half axes a =b # ), spheroidal coordinates & =(r, +r,)° /4-a°, n=(r-r) /4-a°, ¢ [22] are
usually used. If the vector Eq is oriented along the c-axis of the spheroid, the potential ®(&,7) of the external
field Eor, together with the potentials ¢ (&) and ¢, (£,7) fields of the charged and polarized spheroid, can
be written as [21]

(&, 1) =-Er+9,(&)+0.(&n). 1)

With a harmonic change in the quasi-stationary field with a frequency «, the semiconductor material of
the nanoparticle is characterized by a complex-valued permittivity &(w). The potential
P (&,n) = —-E,r+¢,(&,n) of the resulting field in space outside a conducting uncharged spheroid polarized

in an alternating external uniform field parallel to its symmetry axis z can be written in the following form
(without the phase factor exp(-iot)) [21]
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The constant £ in (2) is the permittivity of the solvent.
Far from the surface of an uncharged spheroid, the potential of the resulting field includes the

characteristic field of an induced electric dipole with polarizability « ()
p”(r)=-Er+a” (@)Er/r’. 4)

The dipole dynamic polarizability a“)(a)) of a spheroid is a tensor of the second rank, which in the
system of its principal axes takes the form

j aZC g(a))_g(e) -
oy ac i
’ (w)_ 3 3(6)+|:5(a])_8(e):|n(1) v J=Xy.z. (5)

Here, in (5) n"” are the depolarization coefficients of the spheroid, and n® =n® = l[l_ n‘”:|- The
2

frequency dependence of the permittivity &(w) of the semiconductor material of the nanoparticle is
represented by the generalized Drude-Lorenz model [24]

a)z
e)=¢, - , (6)

2 -
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©

where @, 7 - plasma frequency and frequency of collisions of conduction electrons, respectively; ¢ -
constant high-frequency part of the permittivity, introduced in connection with the need to take into account
interband transitions in a semiconductor. As noted in [21], at frequencies @_ much lower than the plasma
frequency, the polarizability factor

[e(w) - ]a’c

{g(e) +[e(w) - g(e)]n(”}

standing in front of the integral on the right side of (2), weakly depends on the frequency. For a more
detailed analysis of this dependence in the region of "conformational resonance" of the macrochain, i.e., for
frequencies of the order of 10°-10'° Hz, we use the formula for the limiting transition from the permittivity
(6) to an expression containing the specific conductivity o = const of the semiconductor ¢ = const without
taking into account its frequency dispersion [22]

6‘(0))—)8+i4£. 8)
@

(A)<<(z)p
Note that this expression follows from the Maxwell equation in the absence of dispersion (¢ = const, ¢ =
const)

4 0
otH= —— e+ 22, 9)
c c ot

with a harmonic change in the electric and magnetic fields
E(t) =E, exp(—iot) , H(t) =H_ exp(-iat).

Then, taking into account (8), and if the frequencies are such that » << y , we obtain for the conductivity



8 ISSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Joumnal, 2023, Vol.20, No.3 (45)

oc=—. (20)

2.2 Spherical nanoparticle

The depolarization coefficients of a spherical nanoparticle n'” =1/3 are the same for all three values of
J, and then for the dipole dynamic electric polarizability o, (w) of a conducting spherical particle of radius R

for subplasma frequencies @ << @, we obtain

e(w)-9 i47r0'—a)(g(e) —5)

R, (11)

a,(w) =
&(w) +2&° i47ra+a)(2£(e) +g)

In this case, the real and imaginary parts of the dipole polarizability can be written as

(7o)’ — 0" (9 —£)(2e™ +¢) R?
(A7)’ + o’ (26 +¢)°
1270w e™ s
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; (12)

a (o) =

(13)
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It follows from (12) that the sign of the polarization of the nanoparticle switches at the frequency = o,
and then for the characteristic switching frequency «, we obtain the expression

o, = (472'/\/(8(e) —&)(2s" +¢) )o- .

In the limit of very low frequencies @ — 0, from (12) and (13) the following expressions follow:

3 (e) 2 (e)
lima! () = 1—Lf‘9)a)2 R’, (14)
00 (4ro)
3 (e)
lima! (o) = ——R’. (15)
®w—0 47[0-

It should also be noted that the parameter ¢ = const is not present at all in formula (15) for the imaginary
part of the polarizability; therefore, the result (15) coincides with the corresponding expression obtained in
[21] for metal nanoparticles.

From (12) it follows that all possible values «.(w)/R’ of the real part of the polarizability belong to the
interval [-b, 1], where the constant b is determined by the expression

NGEDN (16)
(2" + &)

An imaginary part . () of the polarizability determines not only the dissipation of the energy of the
external electromagnetic field in the nanoparticle [21], but also the amplitude of oscillations of the cross part
of the induced dipole moment «!(®)E, exp(-iot +iz/2). In this case, the oscillations of the corresponding
dipole component of the field themselves are shifted in phase by an amount z/2 relative to the oscillations of
the external field E, exp(-iot) . Oscillations of the real part of the polarizability a.(»)E, exp(-iet) will be in-

phase with the external seed field, as well as the oscillations of the secondary in-phase field corresponding to
it, that is, the field of the in-phase oscillating induced dipole moment.
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Note that expressions (11) and (12-13) can be obtained not only by using the limit transition (8), but
also by solving the equations for the field inside and outside the conducting nanoparticle, followed by
matching the obtained solutions on the boundary sphere of radius R.

2.3 Spheroidal nanoparticle
In the case of a spheroidal nanoparticle, for the components of the diagonalized polarizability tensor
o'’ (w), from (5) and (8) we obtain
abc 470 — w(e® —¢)

(i)
a’(w)=— -,
3 we" +[i47zc7—a)(5(9) —5):|n(”

j=xy,z. (17)

For the corresponding (17) real and imaginary parts of the spheroid polarizability tensor o?(w), we
can write

abc (4zo)’n” — @’ (¢ - &) [g(e) @1-n") +gn“)]

ar(l)(a}):_ — : — (18)
3 |:47r0n“):| +o’ I:s(e)(l—n“))+5n“)]
abc 4 ©
aﬂ(J) (CU) _ — TowE » — . (19)
3 |:47z0'n(”:| +o’ l:g(e)(l—n“))+gn“):|
Then the real part of the potential (2) of the resulting field outside the nanoparticle
Re o' (&,7:1) = ¢,(&,7) x cos ot
(4”0_)2n(i) _wz(gm _p) [g(e) 1- n(i))+gn(1):| i ¥ e’ . 2
- ac
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The oscillations of the corresponding dipole component of the field, shifted in phase by an amount z/2
relative to the oscillations of the external field E exp(-iwt), are determined by the imaginary part of the

potential (2) and, accordingly, the imaginary part of the polarizability «"(w)

Im ™ (&,7;1) = ,(£,77) - sin ot x

y Arowea’c j dé&’ . (27)
|:47z0'n“) ]2 +o [g(e) 1-n")+en? T (5’ +c’ )3/2 (f’ + az)

¢

For the frequency o, of polarization sign switching in this case, it follows from (18) that

n®
o, = 4o . —, (20)
\/(g(e) —¢) I:g<e) (1—n“’)+gn(”]

whence at n”’ =1/3 follows the previously obtained value of the frequency @, of switching the

polarization sign for the ball o, = 4;:0/\/(5“) )26 +¢) .
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The numerical estimates of «(»)/R’* and «"”(w)/(a’c) in the frequency range of “conformational
resonance” carried out in [21], i.e., ~ 10°-10' Hz, performed at £=0 for spherical or spheroidal nanoparticles
of metals such as Ag or Au (47o ~ 10" +10" Hz) showed that the specific polarizabilities are close to 1. The
frequency dependences of the polarizabilities « (o) and a"’(w) pure or lightly doped semiconductors of

the Ge type are more noticeable , since their conductivity is 4zc ~10° +10" Hz, i.e. of the same order as the
frequencies w of the external field.
In the case of an excess charge Q on the spheroid in the outer region outside it, an additional quasi-

static field with a potential ¢, (&) arises [21, 22], and then the interaction energy of the resulting electric
field with a group of polyelectrolyte units bearing a characteristic charge q' takes the form:

Vo (&) =90, (£) + ' (£,7) - (21)

Then the probability of detecting a polymer link at a point with coordinates &,7 above the nanoparticle

surface in the equilibrium configuration of polyelectrolyte macrochains at temperature T is determined by the
Boltzmann factor W (&,7) based on the potential (21)

W (E,7) = exp!- S—T[%(é)w(e)(é,n)] . (22)

The Boltzmann factor (22) contains all the information about the interaction of a polymer with an
electric field. Upon adsorption of a macrochain on an elongated or compressed spheroidal nanoparticle
polarized in an external field, the formation of edge layer conformations within the model of unbound units
was studied in [21]. In this case, the contribution of the quasi-stationary field (21) to the appearance of
equilibrium conformations of the macromolecule is taken into account by means of the Boltzmann factor.
The final spatial distribution of the density n(&,7) of units of a polyelectrolyte macrochain adsorbed by a

polarized nanospheroid takes the form
2 \/tot ( ! )
n&.n) =y (&n) exr{—%} (23)

Thus, the equilibrium density distribution of chain links (23) contains two factors: entropy v*(&,7), which
contains the memory of the linear structure of the macrochain and details of the surface relief of the
adsorbing nanoparticle [21], and Boltzmann W (&,7) . The conformational functions y*(&,7) for the entropy
factor on the surface of an oblate spheroid were calculated earlier.

2.4 Accounting for the delay effect

Consideration of delay effects becomes necessary when the major semiaxis of the prolate spheroid
becomes commensurate in magnitude with the wavelength of the alternating field, i.e. the spheroid becomes
sufficiently extended. At the same time, going beyond the quasi-stationary approximation to determine the
characteristics of an alternating electric field, that is, taking into account the delay effect due to the finiteness
of the speed of light, is associated with the need to solve the Helmholtz equation instead of the Laplace
equation. Obviously, even for the case of a spherical particle, the analytical solution of the problem is
associated with significant difficulties. Such a problem for a ball has already been solved earlier in the theory
of diffraction and is known as the Mie solution [24]. A harmonically changing electromagnetic field can be
either a standing or traveling wave. Mi's solution is written for the latter.

If a plane linearly polarized electromagnetic wave propagates along the polar z-axis of a spherical
coordinate system (SCS) r,6,¢, the electric field is directed along the x-axis, and the magnetic field is

directed along the y-axis, then the Cartesian components of the strengths of these fields

EC—H® = . _ . _ - |
J = H’ =exp(ike) = exp(ikr cos 6) = Y (2n +1)i aJM,Z(kr)

n=0

as well as the components in the SSC, written in terms of the U, U’ Borgnies potentials
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The boundary conditions on the surface of the ball have the form
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The functions u=U/r, v=U/r of the Borgnis potentials U, U’ are defined by the expressions [25]
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A
are specified on the surface of a spherical nanoparticle, and the functions

d
¥ () =—[x-v,0], v, (0= ,/1Jm1/z<x>, ¥ (x) = 1/1H:ii,z(x> ,
dx 2X 2X

2

d k; K
z9(x) =—[x-c" (0], A=-=2Z"KRw,(KR) - =¥, (KR)c"(KR).
dx Hy Hy
are based on the well-known Bessel functions J__ (x) and Hankel functions of the first kind H") (x) of a

half-integer index. The expressions for the coefficients g and B, that define the function v=U'/r have a

similar form [25]. The numerical implementation of the model even for spherical nanoparticles is very
laborious, but it may become necessary if the field quasi-stationarity condition is violated.

To form a conformation map of the polyelectrolyte chain, information is required on the radial-angular
dependences of the components of the electric field vector E(r): E (r,0,¢), E,(r.0,9), E,(r.0,4). The

azimuthal component of the field E,(r), which was absent in the quasi-stationary approximation and the
corresponding axially symmetric field, appears due to the magnetic components H,(r) and reflects their
inclusion in the general case of the electromagnetic field. The potential energy of interaction of
polyelectrolyte units E(r) with the field instead of formula (21) will then be determined by the expression

V,, (1) = d'p, (N -q' [ E(r)-dr. (24)
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In the case of polyampholyte, with an electric dipole moment p of the link, this energy takes the form
V., (r) =pVg,(r)-pE(r). The spatial distribution of the unit density n(z,7) of a polyelectrolyte macrochain

adsorbed by a polarized nanospheroid, taking into account the delay effects, will be given, as before, by
formula (23), but with the interaction energy v_(r) defined by formula (24).

3. Molecular dynamics simulation

Molecular dynamics (MD) simulation of polyampholytic polypeptides on the surface of a spherical
germanium nanoparticle was performed using the NAMD 2.14 software package [26]. A model of a
germanium nanoparticle was obtained by cutting a ball with a radius of 2.4 nm from a germanium crystal,
and its atoms remained fixed during the simulation. Three generally neutral polyampholytic polypeptides
have been considered:

1) P1 polypeptide consisting of 400 amino acid residues with 320 Ala units with evenly distributed 40
Asp units (D, charge -1e) and 40 Arg units (R, charge +1e) — (A;DAJRA?)40;

2) P2 polypeptide — (AsR2AsD2A)20;

3) P3 pOlypeptlde — Ag(AngAleRzAg)llAg.

For polypeptides, the CHARMMS36 force field was used [27-28]. Non-covalent interactions with a
germanium nanoparticle were described by the Lennard-Jones potential parameterized in the UFF force field
[29]. This force field is widely used in the study of various molecular systems by the MD, including the
study of the adsorption of molecules on various solid surfaces [30-31]. The van der Waals potential was cut
off at a distance of 1.2 nm using a smoothing function between 1.0 and 1.2 nm. Electrostatic interactions
were calculated directly at a distance of 1.2 nm, and at a larger distance, the Ewald particle-grid method
(PME) [32] was used with a grid step of 0.11 nm. The entire nanosystem was placed in a cube with 22 nm
edges filled with TIP3P water molecules [33].

First, modeling of polyampholytic polypeptides was carried out on the surface of a non-polarized
germanium nanoparticle. The resulting conformational structures of polypeptides were used as starting points
for modeling on the surface of a germanium nanoparticle polarized in an external static or alternating electric
field. In total, three starting conformations were obtained for each considered polypeptide. In an external
uniform electric field on the surface of a spherical semiconductor nanoparticle, charges are distributed with
surface density o, proportional to the cosine of the angle @ between the direction of the electric field vector E
and the normal to the nanoparticle surface [22, 34]:

_3p 25
o, - cosé , (25)
where p is the dipole moment of the ball and r is its radius.

Therefore, the polarization of a germanium nanoparticle was specified through a change in the partial
charges of atoms on its surface according to the cosine law of the orientation angle of the normal [35]. The
following peak values of the induced dipole moment of a spherical germanium nanoparticle were considered:
p1~3.7, p2~7.4 u p3~14.8 kD. In this case, at the positively charged pole of the nanoparticle, the atoms
acquired partial charges induced by the electric field equal approximately to +0.1e, +0.2¢, and +0.4e. In the
case of static polarization of a germanium nanoparticle, MD simulation was performed at a constant
temperature (Berendsen thermostat) at 900 K followed by a decrease to 300 K. This made it possible to reach
deeper minima of the conformational energy of the macrochain, including in a shorter section of the
trajectory [14, 17-18, 19-20]. At the same time, to control the obtaining of equilibrium conformations, the
change in the mean square distance between polypeptide atoms in different conformations (RMSD) was
monitored.

In addition, we considered the case when, in the course of MD simulation, the densities of induced
charges on the surface of a germanium nanoparticle periodically changed in time according to the sine law
with an oscillation period T = 2.4 ns during 4 oscillation periods. Each oscillation period was divided into 8
equal time segments of 0.3 ns each, during which the field did not change, and the value of the dipole
moment of the nanoparticle in the selected segment was set by averaging it over the entire length of the
segment. The dipole moment of the nanoparticle changed in the following sequence, starting from the
starting conformation of the polypeptide: +0.69p (mean value in the range of oscillations from 7/8 to 37/8 ),
+0.97p (from 37/8 to 57/8), +0.69p (from 57/8 to 7n/8 ), 0 (from 7x/8 to 9n/8), -0.69p (from 97/8 to 117/8), -
0.97p (from 117/8 to 137/8) , -0.69p (from 137/8 to 157/8), 0 (from 157/8 to 17n/8). MD simulation with a
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periodic change in the polarity of a germanium nanoparticle was performed at constant temperatures of 300
and 900 K [15-16, 20].

Based on the simulation results, the resulting conformations were used to calculate the radial
distributions of the density of polypeptide atoms and the distributions of the linear density of polypeptide
atoms along the polarization axis. The angular distributions of polypeptide atoms were also calculated.

4. Results of MD simulation

4.1 Rearrangement of the conformational structure of polyampholytic polypeptides upon static
polarization of a germanium spherical nanoparticle

Figure 1a shows the conformation of the P1 polypeptide on the surface of a germanium spherical
nanoparticle, obtained from the results of MD simulation on the surface of a non-polarized nanoparticle.
Both the P1 polypeptide macromolecule (Fig. 1a) and the P2 and P3 polypeptides completely envelop the
non-polarized germanium nanoparticle. These conformations of polypeptides were used as starting points in
modeling on the surface of a polarized germanium nanoparticle, including with a periodic change in its
polarity. Figure 2a shows the curves of radial distributions of the average density of atoms of the P1
polypeptide with differentiation according to the types of units. They have a peak at the surface of a
nanoparticle, which is characteristic of the adsorption of macromolecules on the neutral surface of solid
adsorbents of various shapes [14, 18]. Figure 3a shows the distributions of the average linear density of P1
polypeptide atoms on the surface of a non-polarized germanium nanoparticle. It can be seen that, on the
whole, the atoms of the macrochain are distributed uniformly along the z axis (coinciding with the
polarization axis of the nanoparticle upon further consideration).

. &
X

Fig.1 The conformational structure of polypeptides P1 (b) and P3 (c) at the end of MD simulation on the surface of a
polarized germanium nanoparticle (the dipole moment is directed from bottom to top), as well as the starting
conformation of the polypeptide P1 (a) on the surface of a non-polarized nanoparticle (blue tube - Ala units, Asp units
are shown in red, Arg units are shown in white, germanium nanoparticles are shown in gray).

As the dipole moment of the germanium spherical nanoparticle increased, the conformational structure
of the adsorbed polyampholyte changed due to the shift of charged amino acid residues to oppositely charged
subpolar regions of the nanoparticle (Figs. 1b and 1c). For polypeptides P1 (Fig. 1b) and P2, in which the
number of neutral units between the charged ones was less than that of the P3 polypeptide, the formation of a
significant number of macrochain loops was observed on the surface of the polarized nanoparticle. They
were stretched along the polarization axis of the nanoparticle, which led to the stretching of the
macromolecular fringe. Such rearrangement began to occur from the value of the dipole moment equal to p,
and higher. For the P3 polypeptide, the number of macrochain loops extended along the polarization axis
from the surface of the nanoparticle was small. In this case, the charged amino acid residues Arg and Asp
adsorbed at the poles of the polarized nanoparticle were linked by a fragment consisting of neutral Ala units
located in the central region of the nanoparticle (Fig. 1c).
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Previously, in [14], during MD simulation on the surface of a polarized spherical gold nanoparticle, a
similar pattern of rearrangement of polyampholytic polypeptides with the same sequence of links was
observed. However, in contrast to the germanium nanoparticle, such conformational changes began to occur
at a surface charge density at the poles much higher than for the germanium nanoparticle: the charge of
atoms at the pole on the gold nanoparticle was 0.5e, while on the germanium nanoparticle it was only 0.2e.
This is due to the fact that the considered Lennard-Jones potential, which describes van der Waals
interactions, was lower for germanium than for gold. In addition, the radius of the gold nanoparticle was
smaller (1.5 nm), but the dipole moments of the nanoparticles were approximately the same: 5.5 kD for gold
and 7.4 kD for germanium nanoparticles.

Such a rearrangement of the conformational structure of polyampholytic polypeptides on the surface of
a polarized spherical germanium nanoparticle led to a change in the radial distributions of the average
density of macrochain atoms (Fig. 2b). It can be seen that, compared with the distribution on a non-polarized
nanoparticle (Fig. 2a), there was a decrease and broadening of the profile of the radial distribution over all
atoms of the polypeptide. In this case, the charged units of Arg and Asp are mainly concentrated near the
surface of the nanoparticle (Fig. 2b), which is associated with their adsorption at the poles of the germanium
nanoparticle, while the neutral units of Ala are far from the surface. On the whole, the radial distributions of
the mean atomic density of polyampholyte polypeptides on the surface of a polarized germanium
nanoparticle turned out to be similar to the radial distributions of the atomic density of polyampholytes
obtained for a polarized gold nanoparticle.
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Fig.2 Radial dependences of the average density of atoms of the P1 polypeptide with differentiation according to the
types of links in the starting conformation on the surface of a non-polarized spherical nanoparticle (a), as well as at the
end of MD simulation on the surface of a germanium nanoparticle polarized with a dipole moment ps (b) (1 - for all
atoms of the polypeptide; 2, 3 and 4 - for Ala, Arg and Asp links, respectively).
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Fig.3 Distributions of the average linear density of atoms of the P1 polypeptide in the starting conformation (a), as well
as of the polypeptides P1 (b) and P3 (c) at the end of the MD simulation on the surface of a spherical germanium
nanoparticle polarized with a dipole moment p; (1 — over all atoms of the polypeptide; 2, 3 and 4 - for links Ala, Arg
and Asp, respectively).
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The distributions of the average linear density of polypeptide atoms along the nanoparticle polarization
axis were also plotted (Fig. 3). On the surface of non-polarized spherical germanium nanoparticle, the links
were generally distributed uniformly along the z axis of the nanoparticle directed along the polarization axis
(Fig. 3a). On the surface of the polarized nanoparticle for polypeptides P1 (Fig. 3b) and P2, there was a
significant change in the distribution profile of the average linear density of macrochain atoms with the
appearance of peaks near the poles of the nanoparticle. This indicates a shift of the macrochain links to the
subpolar regions of the nanoparticle. For the P3 polypeptide (Fig. 3c), mainly charged units were
concentrated at the poles of the polarized germanium nanoparticle. At the same time, neutral amino acid
residues Ala connected them, being located mainly in the central region of the nanoparticle (Fig. 1c).

4.2 Rearrangement of the conformational structure of polyampholytic polypeptides upon
periodic change in the polarity of a germanium spherical nanoparticle

In the MD simulation of polyampholytic polypeptides on the surface of a germanium nanoparticle with
a periodic change in its polarity over time at a temperature of 300 K and the peak value of the p, nanoparticle
dipole moment, the macrochain units shifted to the equatorial region of the nanoparticle (Fig. 4). This is due
to the fact that, upon polarization reversal of the nanoparticle, charged units of the polyampholyte are
displaced from like-charged poles of the nanoparticle to the weakly charged equatorial region of the
nanoparticle. They remain there due to the weak local electric field near the equator, held by the van der
Waals attraction of the macrochain to the surface. Over time, after several periods of change in the polarity
of the nanoparticle, all units of the polyampholyte shifted to its equatorial region.

N
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Fig.4 Conformational structures of polypeptides P3 (a) and P1 (b) at the end of MD modeling at a temperature of

300 K with a periodic change in the polarity of the germanium nanoparticle at the peak value of the dipole moment of
the nanoparticle equal to p, (blue tube - Ala units, Asp units are shown in red, and white — Arg).

Figure 5a shows the dependences of the angular distributions of atoms over all atoms of the P3
polypeptide and over its charged Arg units. The calculation of the angular distribution was carried out with a
step of 10 degrees. The lower (Fig. 1 and Fig. 4) pole corresponds to an angle of 180 degrees, the equatorial
region - an angle of 90 degrees, and the upper pole - an angle of 0 degrees. The dependences of the angular
distributions of atoms of the adsorbed macrochain were normalized to the amplitude values of the
concentration of atoms in the equatorial region, taking into account differences in the surface area of
spherical belts bounded by circles of different radii: N(&,,8)=n(6:,6)S(80,90)/S(6,,6), where S(80,90) -
area of a spherical belt bounded by angles of 80 and 90 degrees, N(&,,6) - normalized number of macrochain
atoms in a spherical belt, n(é,,8) - the number of macrochain atoms in the spherical belt, and S(&,, &) area of
a spherical belt bounded by angles 6, and 6.

It can be seen that, compared with the initial conformational structure (Fig. 5a, curve 1) on the surface
of an non-polarized nanoparticle, after modeling with a periodic change in the polarity of the nanoparticle,
the angular distribution profile of the P3 polypeptide atoms narrowed and is located in the equatorial region
(Fig. 5a, curve 2). It can also be seen that at the time when the dipole moment of the nanoparticle is
maximum (Fig. 5a, curve 3), the dependence of the angular distribution of the P3 polypeptide atoms almost
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did not change. This suggests that, upon repolarization of the nanoparticle, the macrochain remains near the
equator.

Figure 5b shows that the profile of the radial distribution of the P2 polypeptide atomic density at the
end of the MD simulation with a periodic change in polarity at 300 K and p, significantly decreased (curve
2) compared to the initial distribution (curve 1) and almost does not change during the last oscillation period
(curve 3). This is due to the displacement of the polyampholyte to the equatorial region of the germanium
nanoparticle. This character of the conformational rearrangement of polyampholyte polypeptides turned out
to be similar to the conformational changes of polyampholytes on the surface of a gold nanoparticle in a
microwave electric field [15].
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Fig.5 Dependences of the angular distributions of atoms of the polypeptide P3 (a) and the radial distributions of the
density of atoms of the polypeptide P2 (b) in the starting conformation (1), at the end of MD simulation (2) with a
periodic change in the polarity of the germanium nanoparticle (peak dipole moment p,) at a temperature of 300 K , as
well as at the last simulation period at the time when the dipole moment of the nanoparticle is maximum (3).

In the case of MD simulation of all considered polypeptides on the surface of a germanium nanoparticle
with a periodic change in time of its polarity at twice the peak value of the dipole moment of the nanoparticle
ps and a temperature of 300 K, most of the polyampholyte units were desorbed during the considered time
interval. In this case, a small part of the units of the macromolecule remained adsorbed in the equatorial
region of the nanoparticle. This was due to the fact that at a higher peak value of the dipole moment of the
nanoparticle, stronger changes in the local electric field occurred in its equatorial region, which led to an
increase in the displacement amplitude of the charged units. In this case, the forces of attraction of the
macrochain to the nanoparticle in the equatorial region were overcome, and most of the amino acid residues
of the polyampholyte polypeptide were desorbed.

When modeling at a temperature of 900 K at the peak values of the dipole moment of the p, and p3
nanoparticles, periodic changes in the conformational structure of the adsorbed polyampholytic polypeptide
occurred following a change in the polarity of the germanium nanoparticle over time. In this case, potential
barriers preventing changes in the conformation of the macrochain were easily overcome due to the high
modeling temperature, and the conformational structure of the polyampholyte changed depending on the
instantaneous value and direction of the dipole moment of the nanoparticle. Therefore, at the time moments
when the dipole moment of the nanoparticle was maximum, the macromolecular fringe assumed an
elongated shape, similar to the simulation for static polarization of the nanoparticle (Figs. 1b and 1c).

And at the end of the MD simulation sections, when the dipole moment of the nanoparticle was equal to
zero, the polyampholyte shell acquired a shape enveloping the nanoparticle, similar to that shown in Figure
la. At the same time, both radial and linear distributions of the density of polypeptide atoms at different time
points were also similar to the distributions on the surface of a non-polarized (Figs. 2a and 3a) and polarized
nanoparticles (Figs. 2b and 3b-c). And the profiles of distributions of the linear density of polypeptide atoms
along the polarization axis along the charged amino acid residues Arg and Asp mirrored relative to the
equator when the polarity of the nanoparticle was reversed (Figs. 3b and 3c).
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4. Conclusion

Thus, a generalization was made of the mathematical model of the formation of a quasi-equilibrium
macrochain layer for nanoparticles with low electrical conductivity, which are in an external harmonically
varying electric field with a frequency significantly lower than the plasma frequency of the nanoparticle
material. With this approach, the permittivity and electrical conductivity of the particle material are
simultaneously introduced into consideration. The frequency dependences of the dipole polarizabilities of a
sphere and a spheroid manifest themselves most noticeably in the case of semiconductor nanoparticles with
an electrical conductivity o of the order of 10°-10' Hz, i.e. of the same order of magnitude with the
frequencies of the external field. Conductivity of this order is typical for pure or lightly doped
semiconductors like Ge. Within the framework of the proposed model, the effect of switching the sign of the
nanoparticle polarization upon reaching a certain characteristic frequency of the field, which depends on the
conductivity o of the nanoparticle material, its permittivity, and the depolarization coefficients of the
spheroid, was found. It has been shown that adsorption of polymers on lightly doped semiconductor
nanoparticles gives rise to the possibility of a more flexible control action on conformational transitions in
the macrochain fringe by an alternating electric field of an arbitrarily varied frequency in the range of 10°-
10" Hz. A new version of the theoretical model has been constructed with going beyond the quasi-static
approximation, that is, taking into account the delay effects, the manifestation of which is more noticeable
for extended nanostructures. The use of this version of the model leads to the appearance of an azimuthal
component of the electric field strength, which was absent in the implementation of the quasi-static
approximation. This complicates the structure of the resulting field for spheroids with a large long semiaxis.

The performed MD simulation showed that on the surface of a spherical germanium nanoparticle in an
external static or alternating electric field of the microwave range, the nature of conformational changes in
generally neutral polyampholyte polypeptides with different distribution laws of charged units turned out to
be similar to the rearrangement of polyampholyte conformations on the surface of a spherical gold
nanoparticle [14-15]. On the surface of a spherical germanium nanoparticle, with an increase in its dipole
moment, such a rearrangement of the conformational structure of the polyampholyte occurred, in which part
of its charged units shifted to strongly charged subpolar regions. If the distance between oppositely charged
units was small compared to the diameter of the nanoparticle, then a large number of macrochain loops were
formed, which were extended along the polarization axis of the nanoparticle. And when the distance between
the oppositely charged units exceeded the diameter of the nanoparticle, then most of the charged units of the
polypeptide were concentrated on the oppositely charged poles of the nanoparticle. In the case of MD
simulation, on the surface of a germanium nanoparticle with a periodic change in its polarity in time at a
small amplitude of the polarizing alternating electric field, an encircling annular polyampholytic fringe was
formed in its equatorial region. With an increase in the amplitude of the polarizing alternating electric field,
desorption of most of the polyampholyte units from the surface of the nanoparticle occurred.

Germanium nanoparticles with a macromolecular shell, the shape of which is sensitive to the action of
an external electric field, can be used to create hybrid nanosystems with the possibility of field control of its
plasmonic properties. Changes in the conformations of molecules of the surface layer of the polymer affect
the effective value of the edge layer, and thus, the characteristics of the field outside the nanoparticle
associated with its plasmonic properties. Such hybrid nanosystems with plasmon characteristics controlled
by an electric field can find wide application in the creation of various chemical sensors, as well as
nanoprobes in biomedicine.
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