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ABSTRACT

A fluctuating charge model (FCM) is developed to consider two-dimensional networks of boron nitride. In the FCM, the charge on each atom
site is controlled by parameters linked to the atom’s electronegativity and the interactions with other atoms (the coordination environment).
The charge held on each atom site is a strong function of the local (first shell) coordination environment. The site charges are shown to be in
excellent agreement with those extracted from independent density-functional theory-based calculations. The behavior of the site charges is
investigated as a function of the network topology and site disorder. In the first case, specific defects (both site and topological) are introduced,
and the spatial “decay” of the local charge to bulk values is assessed. In the second, highly disordered (amorphous) networks are generated,
and the distribution of site charges is studied as a function of the degree of topological and site disorder (characterized by the fraction of
six-membered rings and mean boron-nitrogen coordination numbers, respectively). Domains of high and low charges are observed to form

across a wide range of topological disorder.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0311291

I. INTRODUCTION

Boron nitride (BN) is considered a promising material due to its
unique thermal, electronic, and mechanical properties with a wide
range of potential applications, including water purification,"” UV
photodetection,’ and structural reinforcements.” BN has been well-
studied in three main crystalline forms: hexagonal (h-BN),” cubic
(c-BN),° and wurtzite (w-BN),” as well as a range of synthetic struc-
tures, such as thin films,® nanotubes,’ fullerene-like nanoparticles, '’
and a range of amorphous states.'! These structures are reminiscent
of their carbon analogs but with the potential additional complexity
of the existence of charge separation as a result of the two different
atomic species with differing electronegativities. This charge sepa-
ration leads to a variety of differences in structure and properties
between BN and C materials, such as h-BN favoring AA’ stack-
ing over the AB stacking favored by graphite and h-BN having a
bandgap of ~6 eV (an insulator within layers'?), while graphite has
no bandgap (a conductor within layers'?).

The existence of two elements allows different types of defects,
such as boron or nitrogen vacancies, or boron/nitrogen anti-site
defects, that is, boron taking the place of a nitrogen in the lattice

or vice versa. In addition, the topological disorder may be intro-
duced. The topological disorder relates to the locations of atoms in
a network structure, while site-based disorder is related to how the
different types of atoms occupy those sites.

We have previously found that systematically varying the
charge separation, such that the magnitude of the charge on each
site is fixed, in amorphous BN systems leads to changes in partial
structure factors and radial distribution functions, while the corre-
sponding total functions remain near-constant, indicating that there
is a change in the site-based disorder, while the topological dis-
order remains fairly constant."* However, it is likely that the site
charge varies according to the environment of a given atom rather
than all atoms having the same charge. It is possible that this dis-
tribution of charge throughout a system could also help understand
properties such as its permeability for charged species, such as, for
example, ions in water desalination'” or DNA sequencing.'® In addi-
tion, the charge distribution may affect the movement of defects
through the network.'”'® However, establishing the precise values
of the site charges remains problematic. Ab initio calculations sug-
gest charges of magnitude | q |~ 0.25 — 0.50e."” Furthermore, site
charges inferred from density-functional-based calculations appear
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to depend heavily on the details of the applied model, while the
effect of using different charges is hard to resolve from experimental
diffraction data.'*”"*!

The fluctuating charge model, FCM, allows for the variation of
charge on each site throughout a classical molecular dynamics sim-
ulation. By assigning each site an effective electronegativity, which
is a function of the atom identity and its local environment, charge
can move between sites depending on changes in the environment.
The FCM has been used previously to model the charges on isolated
molecular species, such as polyatomic anions, for example, CN™,”
NOj,”** and CO%™,”*" uncovering complex ordering on multiple
length-scales, for example, low-dimensional chains in Na,CO3.” In
this paper, we apply the FCM to much larger BN networks, allowing
for the investigation into how the topological and site disorder affect
the charge distributions in these systems.

The aim of this paper is to develop a model to investigate how
the charge distribution in BN is affected by both topological and site
disorder. We will develop and apply a fluctuating charge model to
a range of two-dimensional configurations, ranging from the ideal
crystalline structures to defective crystals, clusters, and disordered
(amorphous) environments. The cluster calculations allow for direct
comparison with the results of independent electronic structure cal-
culations, which help validate our model parameterization. This
paper is arranged as follows: The FCM is introduced, and the param-
eterization is established. The charges obtained are then compared
to independent ab initio results across a range of clusters containing
B, C, and N atoms. Pure BN networks are then considered, first via
the introduction of specific defects leading to site and/or topologi-
cal disorder, and then to highly disordered (amorphous) networks.
The results are brought together in discussions, and conclusions are
drawn.

Il. METHODS

In this section, we will review the basis of the fluctuating charge
model (FCM). We first show how the model can be modified to
account for the lack of well-defined molecules, how the charge
can be modified dynamically, and how the model is parameter-
ized. We then move on to describe the methods employed to study
the networks, both in terms of their generation and their dynamic
evolution.

A. The fluctuating charge model (FCM) applied
to continuous networks

The following derivations are based on the work of Ribeiro and
Almeida,” Rappé and Goddard,”” and Rick et al.:**
1. The basic model

The energy of an atom A can be expressed as a function of the
atomic charge, g ,, in terms of the deviation from a neutral state, Ao,

OE 1 ,( 8%
E -E = “qal == 1
4(qa) Ao+qA(an)AD+ ZqA(aqi)AoJr (1)

By substituting g, = +1,0, and -1 into Eq. (1) and including only
terms up to the second order, the following expressions for the
energy of the neutral atom and the mono-charged ions are obtained:
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EA(+1)=EA0+(7) +*(7) > (2)
0qa 4 2 aqf‘ A
EA (O) = EAO’ (3)
OF 1{O%E
Ex(-1) = Ea, — | 7— Aoz ) - 4
A (1) = By, (3%){2(%)% ()

Equations (2)-(4) can then be used to obtain expressions for the first
and second derivatives of the energy with respect to the charge,

OE _1 0
(an)AD = 2(IP+EA) = XA (5)
and
&E
(—2) = (IP- EA) = Jas, (6)
an Ao

where IP = Ex(+1) — Ea(0) is the ionization potential of atom A,
EA = E4(0) — E4(-1) is the electron affinity of atom A, x5 is the
electronegativity of atom A in a neutral reference,”’ and J3, is the
hardness parameter of atom A in a neutral reference.””" Equa-
tions (5) and (6) can then be inserted into Eq. (1), again including
only terms up to the second order, to reach an expression for the
energy of atom A, using physically understandable parameters,

1
Ea(qa) = Ea, + Xaqa + E]?&Aq.i- (7)

To calculate the optimal charge distribution in a system with more
than one atom, the inclusion of the interatomic electrostatic energy,
> A<B4495) ap> is required, where ] 45 is the Coulombic interaction
between unit charges on atoms A and B, which is dependent on 73,
the distance between atoms A and B. This leads to a total electrostatic
energy for a system of N atoms,

1
E(qu...qnsri...tN) =), (EA(, +X94QA + Eqi]gA) + " qaqslas.
A

A<B
®)
Taking the derivative of Eq. (8) with respect to g, leads to an
expression for the electronegativity of atom A in the system of N
atoms,

xalqu-..qnori...1n) = Xﬁi +]2AqA + Z JaBqs- 9)
B*A

For molecular systems, Eq. (9) can then be further divided by con-
sidering the J,p term for intermolecular interactions as taking the
form of the interaction between point charges, 1/rag,”” giving

xia(qi...qns11...7N) = X24 + Jaaqia + > Jasqiz+ Y. Y. q]l,
B#A j#i B TAB
(10)

where x,,(q; ... qy»71...7n) is the electronegativity of atom A in
molecule i.

In treating molecular systems, the breakdown in terms of intra-
and inter-molecular interactions is clear. As a result, the charge may
fluctuate across a given molecule with the clear constraint that the
overall charge on that molecule is fixed. In a network system, the
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overall system charge remains fixed; however, a length-scale needs
to be identified over which the charge is allowed to effectively move.
To apply the FCM to a continuous network, this length-scale is
imposed by treating only atoms within a specified cutoff as allow-
ing charge transfer, preventing charge from being transferred across
longer (non-physical) distances. Equation (10) is modified as

XA =X +Jaaqa + > F(ras)Jasgs + Y. (1- Fc(TAB))@> (11)
B#A B#A TAB

where F.(r) is the cutoff complementary error function, which
varies from 0 to 1,

F.(rap) = % erfc(é(rag — 1¢)).

The parameter £ is used to control how steep the cutoff is, and r.
is the cutoff radius and is the value of r for which F.(r) is equal to
0.5. A complementary error function was chosen to be modified due
to its smooth and integrable nature for all values of 74, allowing
for simple calculation of the forces on the charges and for the ease
with which the shape of the function can be adjusted with only two
parameters.

2. The movement of charge

For a system to be at equilibrium, all atomic chemical poten-
tials must be equal. This leads to (N — 1) constraints on the atomic
chemical potentials, or electronegativities, such that

X1=Xa=" "= XN (12)

An additional constraint arises from the requirement for charge
conservation,

N
qtot = Z qa, (13)
A=1

which leads to N simultaneous equations, which can then be solved
for a given structure to reach a self-consistent equilibrium set of
charges. To allow for the study of dynamic systems, Rick et al.”®
developed a method to allow charges to evolve in time in parallel to
the atom motion (a Car-Parrinello method’'). The constraints are
treated using the undetermined multipliers method, giving

N, N,
atom 1 . atom 1 .
L= Z fmAri + Z *qu.i —E(ql .. qN>T1 ...rN)
Az 2 An 2
Natom
—A( Z QA—Qrat), (14)
A=1

where m, is the mass of atom A and M, is a fictitious charge

“mass” with units of energy time*/charge’. Solving by the standard
approach leads to the following expression:

T

showing the charges evolving in time in parallel to the atomic
degrees of freedom. It is then possible to solve for A as the total
charge is fixed, such that

ARTICLE pubs.aip.org/aipljcp
Natom
> ga=0. (16)
A=l

Substitution of Eq. (15) into Eq. (16) gives

1 Natom

A = - Ya = — avgs 17

Natom A=1 XA Kave ( )

which can then be substituted back into Eq. (15) to give a final
equation of motion,

1
Ga = —— (¥4 — Yave)- 1
ga Mq(XA Xavg) (18)

The fictitious mass, My, is chosen such that the charge “motion”
is rapid (by comparison to the atomic motion), which allows the
charges to remain at their equilibrium (adiabatic) values. In reality,
although the energy transfer between the (relatively) low frequency
atomic vibrational modes and the high frequency modes associated
with the charges is small (reflecting the small overlap in resonant
frequencies), it is not zero. As a result, if uncorrected, then energy
would (slowly) transfer between the atomic modes and the (nec-
essarily cold) charge modes, which will lead to both a decrease in
the system temperature and an increase in the temperature asso-
ciated with the charge motion, the latter of which corresponds to
the charges becoming more detached from the required adiabatic
surface. A simple way to control this (slow) energy transfer (and
employed here) is to utilize Nosé-Hoover thermostats to main-
tain the temperature of the respective atomic and charge degrees of
freedom.””

3. Parameterization

The parameters for the FCM used in this work, as shown in
Table I, were adapted from those previously used to model the
charges for C and O in Ref. 25. While parameters have been pro-
posed for a range of atoms, including N,” these parameters were
calculated for individual atoms, and so additional ab initio calcu-
lations are required for their application to molecules. Due to the
similarity in electronegativity difference and bonding between C-O
and B-N, it is believed that these parameters will also provide a good
model for the charges in BN systems. The hardness parameters, s

TABLE I. Parameters for the FCM for BN and C. All values are quoted in atomic units.

1 0.200
o 0.321
I 0.261
Ios 1.297
e 1.474
Jec 1.385
Jin 0.226
JaNn 0.290
TN 0.226
Jac 0.290
Ine 0.290
Jec 0.226
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and ]I%N, were adjusted to give an average absolute charge, m, in h-
BN of 0.31e, in line with previous ab initio calculations,' to allow
for a meaningful comparison.

B. Methodology

Two-dimensional amorphous BN configurations were gener-
ated through the use of Monte Carlo simulations. First, topological
disorder was introduced into a hexagonal network of 800 atoms
through the use of a bond-switching algorithm as described in
Refs. 34 and 35. The Monte Carlo move for this algorithm is the
creation of a Stone-Wales defect by rotating a selected bond by
90°. This results in two rings increasing in size by one and two
rings decreasing in size by one; for example, four 6-membered
rings become two 5-membered rings and two 7-membered rings. To
ensure a wide distribution of ring sizes, simulated annealing was uti-
lized, wherein all Monte Carlo moves are initially accepted and then
the system is “cooled down” by reducing the probability of accept-
ing unfavorable moves. By controlling the probability of accepting
moves, we are able to control the level of topological order in the
system. For the configurations studied in this work, the initial ther-
malization was carried out over 1000 steps, followed by 10 000 steps
for the “cooling” process. The networks generated are entropically
driven, meaning that the resulting distributions of ring sizes follow
a maximum entropy distribution. As a result, a fraction of a single
ring size, usually taken as the fraction of six-membered rings, p,
is all that is required to define the distribution since this will relate
directly to the width of the distribution (Lemaitre’s law™®).

The bond-switching algorithm controls the network topology
and so does not take into account the identities of the atoms at each
site. As a result, the bond-switching is followed by a second Monte
Carlo procedure to control the site-ordering. This second algorithm
involves assigning atomic identities at random to the sites and then
swapping atom pairs at random. The local coordination environ-
ment is a key indicator of the level of site disorder; for example, using
the mean nearest-neighbor coordination number, Hﬁ, which gives
the mean average number of atoms of type 3 in the first coordination
shell of an atom of type a. Therefore, in ideal h-BN, a site-ordered
three-coordinate system, 7y =7h =3 and niy = 715 = 0. In the sec-
ond MC procedure, the only accepted moves are those that result
in an increase in the number of B-N nearest-neighbors (7} = 7y
increases). MC moves are performed until 773 (= 715 reaches a fixed
value.

Finally, the systems were geometrically relaxed through the use
of a steepest descent algorithm. The forces on the atoms were calcu-
lated using a Tersoff potential’” parameterized for low-dimensional
BN*® and BN-C*’ nanostructures, augmented with the FCM for the
electrostatic interaction. The molecular dynamics simulations were
carried out in the N, V, T canonical ensemble at 300 K, controlled
using a Nosé-Hoover thermostat. The time step was set to be 1 fs,
and periodic boundary conditions were applied in the x-y plane.

lll. RESULTS

A. Comparison to density-functional
theory-based calculations

In order to assess the validity of our (physically motivated)
parameterization, a comparison is made to the site charges obtained

ARTICLE pubs.aip.org/aipl/jcp

from recent DFT-based calculations.”” DFT calculations were per-
formed as described in Ref. 41 on seven two-dimensional clusters,
all containing 252 atoms, of which 36 are H atoms placed on the
cluster extremities to retain full (three) coordination of the B, C, and
N atoms. The number of C atoms was varied from 0 (i.e., all BN) to
216 (all C) with the total number of B, N, and C atoms fixed at 216.
Configurations are labeled as BN (the ideal BN lattice) or C,,, where
n is the number of C atoms in the configuration, with the remaining
(216 — n) atoms being BN. Each configuration can be character-
ized in terms of both the stoichiometry (the number of B, N, and
C atoms) and the local coordination environments. All sites are
three-coordinate, and so the local environment can be characterized
ideally by the identity of the central atom and the three nearest-
neighbors. For example, the ideal BN lattice will contain B-Nj
and N-Bs units only. Calculations were performed as described in
Refs. 40 and 41, with an analysis of the site charges performed as in
Ref. 41. Site charges are extracted at the MDC-q level. Analogous
calculations were performed using the FCM as parameterized above,
but using a periodically repeating lattice rather than the isolated clus-
ter. Figure 1 shows an example Cy4 cluster (containing 24 C atoms)
used in the DFT calculations and the periodic analog used in the
FCM calculations. In both panels, the charges are highlighted via the
coloring of the sites.

Figure 2 shows the distribution of site charges for the B,
N, and C atoms determined for the seven cluster stoichiometries

0.4

- 0.2

W W W W W W W W W W W W W
£,,0,0,06,06,6,06,06,06,06,.06 06,060,
A8 & 6 8 8 6 86480648 4 4
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FIG. 1. Example charge “heat maps” obtained from the fluctuating charge model
(top, using a periodic cell) and density-functional theory calculations (bottom, using
a cluster) for systems containing 24 C atoms per cell. In both panels, the degree of
red and blue corresponds to the size of the positive and negative charges, respec-
tively. In the lower panel, the smaller circles around the edge represent the H atoms
required to charge-balance the cluster. In both panels, the circle circumferences
are colored red, blue, or black to indicate B, N, or C atoms, respectively.
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FIG. 2. Distribution of site charges obtained using density-functional theory.* Panels (a), (b), and (c) show the charges on the B, C, and N atoms, respectively, with the
cluster composition shown on the right hand side of each panel. The vertical dashed lines are a guide to the eye and are labeled with the respective local coordination
environments. The peaks labeled “B-N " in panel (a) refer to the B atoms on the edge of the cluster, which are surrounded by N atoms that are themselves nearest-neighbors

to the outer H atoms.

considered, split into three panels according to atom identity. For
the C atom sites, the pure BN configuration is omitted, while for
the B and N sites, the pure C configuration is similarly omitted. The
most significant conclusion to draw from these figures is that the
charge on a given site appears to be a strong function of the local
(nearest-neighbor) coordination environment. For the C atom, for
example, the Cs to Cos configurations show clear peaks attributable
to the C-C,;B, C-Cs, and C-C;,N local coordination environments.
The C, configuration shows peaks attributable to the C-B,C and
C-N,C environments, while the Cy16 configuration shows peaks
attributable to the C-Cs; and C-C,H environments. Similarly, the
B atom sites show peaks associated with B-N3, B-N,C, and B-N,H
environments, while the N atoms show the equivalent N-B3, N-B,C,
and N-B,H environments. In addition, a small number of B atoms
show a large charge, which is the result of the next-nearest neighbors
in which they are surrounded by three N atoms, but those N atoms
are nearest-neighbors to the outer H atoms [labeled B-Nj on panel
(a)]. Table II lists the mean charges and standard deviations on each
site, averaged over all configurations containing those sites. In the
cluster used for the DFT calculations, H atoms sit at the extrem-
ities in order to preserve charge neutrality. As a result, the DFT

configurations contain both N-B,H and B-N,H local coordination
environments.

To consider the effect of the local coordination environment on
the atom charge, a careful nomenclature is required. For example,
the environment about an atom of type «, surrounded by a max-
imum of two atom types, § and y, may be characterized either in
terms of ng, or nk, for which n’g + n), = 3. A consistent nomenclature
is required to define a site « having a coordination nt?, where the
numerical value is the number of atoms of type § surrounding site
(the remaining atoms being of type y), and to order the superscripts
with the most electronegative element first (i.e., x5 > X, )-

Figure 3 shows the evolution of the site charge as a function
of the local environment for both the DFT and FCM calculations,
with the charges determined as the mean values averaged over the
seven configurations studied. The error bars show the standard devi-
ations resulting from this averaging. The figure highlights the clear
dependence of, and trends in, the site charges on the local coor-
dination environment. In addition, the relatively small standard
deviations indicate that the site charges are very strongly depen-
dent on the local coordination environment and not on the overall
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TABLE II. Mean charges and the associated standard deviations of atom site charges
obtained from density-functional theory, arranged by coordination environment as
indicated in the first column. The charges are averaged across all configurations
containing those local environments.

Site coordination q/e oqfe

B-N3 0.298 24 0.042 14
B-N,C 0.21761 0.004 90
B-N>H 0.289 60 0.01849
C-B,C —-0.247 36 N/A

C-C,B -0.119 84 0.007 64
C-N,C 0.13708 N/A

C-GN 0.069 87 0.004 38
C-CH -0.19009 0.006 14
C-Cs —-0.000 52 0.013 62
N-B; -0.27076 0.009 31
N-B,C —-0.20045 0.01042
N-BH -0.562 38 0.008 81
H-B -0.10508 0.006 57
H-C 0.162 69 0.003 66
H-N 0.29218 0.00518

0.1

03 -

FIG. 3. Mean site charges shown as a function of the nearest-neighbor coordi-

nation environment, nf, The solid and dashed lines show the results from the
density-functional theory and fluctuating charge model calculations, respectively.
The error bars for the DFT results reflect the differences in site charges across
different stoichiometries as extracted from Fig. 2.

stoichiometry and any differences in ordering beyond the nearest-
neighbor length-scale. It is clear that the FCM site charges are very
close to those obtained from DFT, recalling that the FCM was not
parameterized using the DFT values. As would be expected physi-
cally, the magnitude of the site charges becomes larger as a greater
number of atoms with a larger electronegativity difference are added.

Table 11T shows the comparison of the nearest-neighbor atom
separations for the BN, BC, NC, and CC pairs obtained from both
the DFT and FCM for three example configurations: Cy4, Cs4, and
Cos. The agreement in the bond lengths is close throughout, with the

ARTICLE pubs.aip.org/aipl/jcp

TABLE Il Nearest-neighbor atom separations for the BN, BC, NC, and CC pairs
obtained from both the DFT and FCM for three example configurations: Cy4, Cs4,
and 096-

ran/A rac/A rncl A reclA

C, DFT FCM DFT FCM DFT FCM DFT FCM

24 1433 1447 1441 1.535 1441 1415 1439 1.425
54 1432 1446 1435 1.538 1436 1412 1.441 1.424
96 1432 1442 1438 1.540 1.438 1.405 1.436 1.425

only significant differences observed for the BC distances (of ~7%).
For comparison, the BN, NC, and CC bond lengths show differences
of ~ 1%, ~ 2%, and ~ 1%, respectively.

B. Network properties

In this section, the FCM is applied to two-dimensional net-
works containing different amounts of disorder. Two dimensional
networks are studied as they allow for a clear separation of site and
topological disorder while retaining connections with recent exper-
imental insights.”””" Three “classes” of disorder are introduced and
studied. In the first, site disorder is introduced by switching B and
N sites, thus introducing homopolar bonds (here, N-N and B-B)
while retaining the ideal total mean coordination number of three.
The degree of disorder can be characterized, at the simplest level, by
amean local coordination number, such as ﬁg. In the second, vacan-
cies are created in the ideal lattice, while in the third, topological
disorder is introduced via bond-switching.

1. Site disorder

Figure 4 shows the effect of varying the cutoff parameter
(Sec. II A 1) for an ideal hexagonal lattice with varying degrees
of site disorder, characterized by 7y. Considering first the ideal
ordering hexagonal lattice (for which 7y = 3), the effect of the
length-scale over which the charge transfers directly is clear. The
curve shows characteristic “jumps” in the charge on the central atom
as a result of consecutive shells of neighboring atoms coming into

range. Below the nearest-neighbor length-scale (denoted ri;g)), the
atoms adopt charges driven by their bare respective electronega-

tivities (i.e., there are no interactions with other atoms). For rﬁé)

<r< riz) (i.e., between the first and second nearest-neighbor length-

scales in the ideal hexagonal lattice, with ri;) = \/5}’541;) ~ 2.4A),
the nearest-neighbor interactions lead to greater charge separation.

5423) <r< riz) (i.e., i;) = 2r§41;) ~2.84), the second nearest-
neighbors (which, in the ideal lattice, are like charges) lead to a
reduction in the mean site charge.

Figure 4 highlights the effect of introducing site disorder. The
disorder is introduced by randomly swapping pairs of B and N
atoms in a fixed lattice, and the degree of site disorder is char-
acterized by the mean B-N coordination number, ﬁg, for which
1.5 < 7y < 3, where the lower and upper limits represent the maxi-
mum disorder and ideal order, respectively. For ~ 1.4A < ro, < 2.4A
(i.e., for atoms in the nearest-neighbor coordination shell), as the
degree of disorder increases, the effect of the nearest-neighbor and

For r
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0.3
02
0.1
Loo <
r—0.1
-0.2
-0.3
FIG. 4. (Main panel) Mean average site charge, |g|, shown against the 03
cutoff radius employed for the fluctuating charge model as described
in the text. The site charges are shown for a range of site dis- 02
orders on an ideal hexagonal lattice. Looking along the black verti- '
cal dashed line, corresponding to re = 1.96A, from bottom to top, ﬁg
= 1.505,1.507, 1.550, 1.598, 1.623, 1.707, 1.815, 2.060, 2.406, 3.000. The inset o1
shows the mean average site charge, |g|, as a function of ﬁg for a fluctuating
charge model cutoff of r,; = 1.96A (corresponding to the vertical black dashed o
line in the main panel). The red vertical dashed lines show the length-scales asso- [00 =
ciated with successive coordination shells (’,S;l) = 144, ’,5;) = \/ﬁraf;) ~ 244,
D =P ~ 284 F-01
-0.2
next-nearest-neighbor interactions diminishes. The inset to the MWM
figure shows the mean site charge as a function of the mean coor- -0.3
dination number with a cutoff intermediate between the first and (b)
second shells (i.e., including the interactions with the neighboring
atoms only). The mean site charge shows a near-linear dependence L I 4 Y7 7 T 7 03
on the local coordination number.
L 0.2
2. Defects
The analysis in Secs. Il B 1 and III B 2 indicates how the site )\./& o1
charge appears to be a strong function of the nearest-neighbor coor-
dination environment. In this section, we consider the effect on the too <
site charges of the introduction of specific defects. Three types of
defects are considered: anti-site, vacancy, and Stone-Wales rotation. L o1
Figures 5(a)-5(c) show the examples of ideal hexagonal nets with a .
single defect. In panel (a), the B atom replaces an N (an anti-site ....
defect); in panel (b), a single N atom is removed; and panel (c) shows —02
a single Stone-Wales rotation. In all cases, the area of the hexag- W .....
onal net is fixed at that for the energy minimum of the ideal net. y ¢ ¥ 9# v v -0.3
The ideal defect is generated, and the atom positions are relaxed (c)
using a steepest descent algorithm. To highlight the effect of the site
charges on the presence of the defects, Fig. 6 shows the evolution FIG. 5. Charge “heat maps” for three types of defects in an ideal hexagonal lattice.
of the site charges as a function of distance away from the central (@) A boron anti-site defect, (b) a nitrogen vacancy, and (c) a Stone-Wales defect.

In all panels, the degree of red and blue corresponds to the size of the positive and
negative charges, respectively. The circle circumferences are colored red or blue,
which indicate B or N atoms, respectively.

defect site. Figure 6 shows the difference in charge on the site a,
| Aq1 |=| 9 — Gpui |, with respect to the site charge at large distances
from the defect (i.e., the bulk values in the ideal hexagonal lattice).
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— anti-site
03 —— vacancy

- SW (B)
— SWN)

|Aql/e

| 1 | 1 | 1 | L | L | L |
0 0.5 1 1.5 2 2.5 3

r/r0

FIG. 6. Magnitudes of the mean site charge differences as a function of distance
away from the defect for the B anti-site (black line), N vacancy (red line), and
Stone-Wales defect with respect to the B and N atoms (green and blue lines,
respectively). The distance is shown relative to the ideal B-N nearest-neighbor
separation, ry.

For the anti-site defect, the central B atom (which has replaced an N
atom) adopts a small negative charge, reflecting the nearest-neighbor
coordination environment of three B atoms (which adopt positive
charges, but smaller than those observed in the bulk environments).
The site charge “relaxes” to the bulk values by around r/ro ~ 2 (i.e.,
by the third coordination shell). For the N vacancy, the nearest-
neighbor B atoms again adopt a smaller positive charge than for the
bulk equivalents, with the charges again effectively reaching their
bulk values by the third coordination shell with r/ry ~ 2.6. For the
SW defect, we can consider the charges at a distance with respect to
either the B or N atoms in the bond, which has been switched. Note
that the presence of topological disorder almost certainly links to site
disorder (unless the network retains only even-membered rings). In
both cases, the charge decays to the bulk value by r/ry ~ 3.

3. Topological disorder

Figure 7(a) shows the examples of the distribution of site
charges on the B and N atoms “colored” by the fraction of six-
membered rings, p,, with p¢ = 0.35,0.50,0.65, and 0.80. The dis-
tribution of charges appears near-independent of the degree of
topological disorder. Note that a small fraction of atoms (of the order
of 2%-4%) adopt the opposite charge to that suggested by their for-
mal valence. The charge distributions highlighted in Fig. 7(a) can
be further colored in terms of the local coordination environment.
Figure 7(b) shows an example breakdown of the charges on the B
and N atoms for a configuration with p, = 0.5625 and n = 2.19 and
highlights the clear separation of charge based on local environ-
ment as displayed in Fig. 3. It is clear that the strong dependence
of the site charge on the local coordination environment identified
in Secs. IIT B 1 and I1I B 2 in more idealized structures persists into
more disordered states.

Figure 8 shows the three example amorphous configurations,
which display different levels of disorder as quantified by the frac-
tion of six-membered rings, p, = 0.37, 0.56, and 0.82, respectively.
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FIG. 7. (a) Distribution of site charges on the B (red lines) and N (black lines) atoms
for disordered networks at four different levels of disorder as characterized by the
fraction of six-membered rings, pg, from bottom to top, ps = 0.35,0.50, 0.65, 0.80.
Successive distributions are offset along the abscissa for clarity. (b) An example
charge distribution for the amorphous network with p; = 0.5625 broken down in
terms of the local coordination environment as indicated in the legend.

Panel (a) shows the charge map for p, = 0.56, with the atom colors
indicating the degree of positive or negative charge on those sites
(i.e., highly positively charged B atoms appear more red, and highly
negatively charged N atoms appear more blue). Panels (b), (c), and
(d) show an alternative representation for P = 0.37, 0.56, and 0.82,
respectively, with the intensity of the color indicating a deviation of
the absolute charge from the mean value, Ag, = |q| - |q|. It appears
visually that there are regions of relatively high and low charges,
spread over groups of atoms, across all levels of topological disorder.
To attempt to characterize these regions, partial structure factors
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FIG. 8. Charge “heat maps” for three example configurations with a range of pg values. The top-left panel shows a configuration with ps = 0.5628, and the atoms are colored
based on their partial charges, g, with the degree of red and blue indicating more positive and negative charges, respectively. The top-right, bottomieﬂ, and bottom-right
panels show the configurations with p; = 0.3659, 0.5628, and 0.8241. The atoms in these panels are colored based on their Aq values, Aq = |q| — |q|, with the degree of

red and blue indicating more positive and negative values, respectively.

are constructed, which are colored by the magnitude of the charges
on each site. The distribution of charge magnitudes is divided into
high and low charges using the distributions of the type shown in
Fig. 7. The 20% of the atoms with the highest charge magnitudes are
labeled “high” (h), and the remaining 80% are labeled “low” (I). Par-
tial structure factors and radial distribution functions are extracted
from these two groups of configurations, for example,

Sas(k) = (A5 (k). Ag(K)), (19)

where As(k) = ﬁzi ™" is the Fourier component, and « and f8
refer to the high and low charge atoms, respectively. Figures 9(a) and
9(b) show S‘gﬁ(k) for aff = hh, hl, I calculated over two p, domains,
0.3 <ps <0.4 and 0.7 < p, < 0.8. The effect of increasing the level
of disorder (reducing py) is clear in all three partial structure fac-
tors. The functions at high p, show significantly sharper peaks,
and some clearly coalesce to form single peaks at low p;. Similar
changes have been observed in two dimensional networks of amor-
phous carbon.*” To help understand the distribution of charge in the
networks, Figs. 9(a) and 9(b) show the analogous partial structure
factors obtained by assigning the “h” and “1” labels at random (rather

than by charge magnitude). As a result, the three partial structure
factors become equivalent and differ only in the fluctuations due to
the small number of sites labeled “h.” The most striking difference
between the different functions is in S,?h(k), which shows signifi-
cant intensity at low k, indicative of the formation of nanodomains
of the sort shown in Fig. 8. Analogous partial radial distribution

functions can also be defined. Figures 9(c) and 9(d) show go?ﬂ(r) for

af = hh, hl, Il [the analogs of the structure factors shown in panels
(a) and (b)] again colored in terms of site charge and at random.
The greater ordering at high p, is again clear in terms of sharper
peaks and oscillations persisting to significantly higher r. More sig-
nificantly, here the formation of the charge domains is evident, most
clearly in g}%(r), which shows significantly greater intensity in both
the first and second peaks.

To focus a little more on these domains, Fig. 10 shows Sgh(k)
calculated over six different ranges of p, using the labeling by charge
[panel (a)] and at random [panel (b)]. The greater ordering as p,
increases is again clear across both sets of functions. For the charge-
labeled functions [panel (a)], the low k intensity shows a small
increase as p increases. An approximate measure of the spatial
extent of the charge domains can be extracted by relating the low
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FIG. 9. Panels (a) and (b) show the structure factors, S
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aﬁ(k), colored in terms of high and low charges (labeled “h” and “I,” respectively, as discussed in the main text). The

black, red, and green lines show S,?h(k), S,?,(k), and Sﬁ(k), respectively. The blue, cyan, and magenta lines show the equivalent functions but with the atoms labeled
at random as described in the text. Successive functions are offset along the abscissa axis for clarity. Panels (c) and (d) show the corresponding partial radial distribution

functions, which employ the same color scheme as panels (a) and (b).
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FIG. 10. Panels (a) and (b) show the structure factor, S,?h(k), colored in terms of high charge as described in the main text. In both panels, successive functions are
determined at different levels of disorder as characterized by the fraction of six-membered rings, pg. Successive functions are offset along the abscissa axis for clarity. From
bottom to top, 0.3 < p; < 0.4, 0.4 < pg < 0.5,0.5 < p; < 0.6, 0.6 < ps < 0.7, 0.7 < ps < 0.8, and 0.8 < pg < 0.9. Panel (a) shows the effect of coloring the sites by high
charge, while panel (b) shows the analogous functions generated by selecting the same fraction of sites at random. Panel (c) shows the effective radius of the domain size
as a function of the fraction of six--membered rings determined from the low —k gradient as described in the text.

k gradient to an effective radius of gyration (i.e., by plotting the low
k regime against k* and extracting the gradient). Figure 10(c) shows
the change in domain radius as a function of p, highlighting the
weak increase in domain size as the level of disorder is reduced.

IV. DISCUSSION

The results presented here show how the charge held by each
atom can fluctuate as a function of the atom’s environment. In the
present work, a relatively simple network system (BN) has been
chosen. The environment here is effectively synonymous with net-
work disorder, which is present here in the form of both site and
topological disorder. It is clear that the charge separation, resulting
from the difference in electronegativities of the two atomic species,
is both significant and highly dependent on the local coordination
environment. While using fixed (mean field) values for the charges
is possible, it is likely to lead to significant errors, in particular

where there are high levels of disorder (either pure site or topologi-
cal/site disorder). These errors are likely more significant in systems
such as BN, in which the charge magnitudes are relatively small
and, hence, the effect of the (local) environment is potentially more
important.

Future work will focus on a number of key extensions. The
formation of large pores in these systems is of general interest, as
these thin films can act as filters (for example, in desalination). The
implication of the present work is that the charge present on atoms
sitting on the pores may be significantly different from those in
the bulk, with clear implications for properties such as ion trans-
port. Adding a third atom type (for example, carbon to form BCN
composites) introduces additional significant complexity with the
potential formation of superlattices in which the carbon atoms effec-
tively remain demixed, forming domains. The potential changes in
charge indicate that the addition of intercalated atoms or molecules
may alter the charge distribution in a significant manner. In
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addition, it is likely that similar charge separation effects will be
observed in three-dimensional networks and in BN nanotubes and
fullerenes.

V. CONCLUSIONS

In this paper, a fluctuating charge model (FCM) has been devel-
oped to study a key network material, BN. In the FCM, the charge
on each atomic site is controlled by the atom’s electronegativity plus
terms that are linked to the interactions with the surrounding envi-
ronment. As a result, charges can deviate from their typical (mean
field) values. The results presented here show how the introduction
of simple defects, both in terms of site and topological disorder, leads
to significant changes in site charge. In addition, in highly disordered
(amorphous) systems, the network is arranged into regions of rela-
tively high and low charges, with the size of the charge domains a
weak function of the degree of topological disorder. The distribution
in charge is likely most significant in systems such as BN in which the
typical mean charge magnitudes are relatively small.
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