
Theory of Borazine-Derived Nanothreads:
Enumeration, Reaction Pathways, and
Piezoelectricity
Tao Wang,* En-Shi Xu, Bo Chen, Roald Ho!mann, and Vincent H. Crespi*

Cite This: ACS Nano 2022, 16, 15884−15893 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Nanothreads are one-dimensional macromolecules formed by pressure-induced polymerization along
stacks of multiply unsaturated (or highly strained) molecules such as benzene (or cubane). Borazine is isoelectronic
to benzene yet with substantial bond polarity, thus motivating a theoretical examination of borazine-derived
nanothreads with degrees of saturation of 2, 4, and 6 (defined as the number of four-coordinated boron and nitrogen
atoms per borazine formula unit). The energy increases upon going from molecular borazine to degree-2 borazine-
derived threads and then decreases for degree-4 and degree-6 nanothreads as more σ bonds are formed. With the
constraint of no more than two borazine formula units within the repeat unit of the framework’s bonding topology,
there are only 13 fully saturated (i.e., degree-6) borazine-derived nanothreads that avoid energetically costly
homopolar bonds (as compared to more than 50 such candidates for benzene-derived threads). Only two of these
are more stable than borazine. Hypothetical pathways from molecular borazine to these two degree-6 borazine-
derived nanothreads are discussed. This relative paucity of outcomes may assist in kinetic control of reaction
products. Beyond the high mechanical strength also predicted for carbon-based threads, properties such as
piezoelectricity and flexoelectricity may be accessible to the polar lattice of borazine-derived nanothreads, with
intriguing prospects for expression in these extremely thin yet rigid objects.
KEYWORDS: Borazine, Nanothread, Topology Enumeration, Piezoelectricity, Flexoelectricity, Density Functional Theory

INTRODUCTION
Nanothreads are one-dimensional covalently bonded materials,
with all “backbone” bonds saturated in the organic sense, the first
of which was made from polymerization of benzene in the solid
state.1 Nanothreads are thicker than conventional hydrocarbon
polymers such as polyethylene and thinner than traditional
nanowires: as ladder polymers, they are examples of the thinnest
possible rigid objects. Nanothreads generally form by pressure-
induced room-temperature polymerization of multiply unsatu-
rated molecules along stacks in certain crystallographic
directions of the parent molecular crystal. They have been
synthesized from benzene1,2 and pyridine,3 with evidence4,5 of

both fully saturated (“degree-6”6) and two-thirds saturated
(“degree-4”7) threads. Synthesis of aniline nanothreads under
pressure at elevated temperatures has also been reported.8

Possible structures of nanothreads derived from monosubsti-

Received: March 21, 2022
Accepted: September 12, 2022
Published: September 27, 2022

A
rtic

le

www.acsnano.org

© 2022 American Chemical Society
15884

https://doi.org/10.1021/acsnano.2c02778
ACS Nano 2022, 16, 15884−15893

D
ow

nl
oa

de
d 

vi
a 

PE
N

N
SY

LV
A

N
IA

 S
TA

TE
 U

N
IV

 o
n 

O
ct

ob
er

 3
1,

 2
02

2 
at

 1
7:

14
:0

7 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.2c02778&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02778?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02778?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02778?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02778?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02778?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02778?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02778?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02778?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/16/10?ref=pdf
https://pubs.acs.org/toc/ancac3/16/10?ref=pdf
https://pubs.acs.org/toc/ancac3/16/10?ref=pdf
https://pubs.acs.org/toc/ancac3/16/10?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.2c02778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


tuted benzene9 and polyaromatic hydrocarbons10 have also been
investigated. Recently, nanothreads were also synthesized from
thiophene,11 cubane,12 furan,13 azobenezene,14 naphthalene-
octafluoronaphthalene cocrystal,15 and a phenol-pentafluoro-
phenol cocrystal.16 The success in synthesizing nanothreads
from diverse organic precursors reveals a great variety of
structures and functionalities that may be accessible through
choice of precursor molecule or cocrystal.
All nanothreads explored to date have carbon-based back-

bones. Are inorganic nanothreads possible? One possible
approach here would be to replace all carbon dimers with BN
pairs, thus yielding an isoelectronic BN-based nanothread; this
strategy follows a logic productive in the sp2 world wherein
carbon nanotubes motivated the synthesis of their boron nitride
siblings17 and wherein hexagonal boron nitride (h-BN) sheets
support important applications as insulating layers in multilayer
2D electronics.18 There is also a rich chemistry for BN analogues
of all-C molecules.19
Borazine (B3N3H6, Figure 1) or “inorganic benzene” is

isostructural and isoelectronic to benzene. As benzene forms
organic nanothreads under pressure, one may anticipate that
borazine can form BN nanothreads. The large di!erence in
electronegativity between boron and nitrogen produces an
uneven distribution of π electron density that favors nitrogen.
This nonuniform π system reduces aromaticity20−22 and makes
borazine more reactive than benzene: it gradually loses
hydrogen and polymerizes in the liquid state at room
temperature23 (in comparison, benzene decomposes at ∼500
°C24). In the context of pressure-induced solid-state synthesis,
one anticipates that borazine may initiate polymerization at a
lower pressure than benzene does, due to the reduced
aromaticity.13
At atmospheric pressure, borazine freezes at −58 °C into a

tetragonal lattice with four molecules per unit cell.25 Slipped
stacking of borazine molecules, similar to that in benzene phase
II (space group P21/c),26,27 is evident along a and b lattice
directions, while no closely spaced molecular stacks are seen
along c (Figure 1, middle and right panels). The closest contacts
(B···N vs C···C) in the a and b stacks of the P = 1 atm structures
are ∼0.3 Å longer for borazine, as compared to a benzene
crystal.27 Polymerization under pressure may a!ord borazine
nanothreads along one of these stacking directions; possible
such structural outcomes are enumerated here. Borazine does
polymerize at ambient pressure and relatively low temperature
(70 °C), with loss of H, into polymers of not precisely

characterized structure.28,29 These are not the nanothreads we
study. In addition to the high mechanical strength30,31 and
anisotropic thermal conductivity32 anticipated for carbon
nanothreads, borazine nanothreads may also possess interesting
electromechanical properties due to the heteropolar nature of
the BN lattice in a highly anisotropic nanoscale structure with an
unusually sti! backbone.

RESULTS AND DISCUSSION
Bond Connectivity/Topology: The Range of Possibil-

ities. Borazine-derived nanothreads should have a bond
connectivity similar to their benzene-derived analogues, as
both precursor molecules have six-membered rings. However,
there is a choice between heteropolar (B−N) and homopolar
(B−B,N−N) bonds between adjacent borazinemolecules in the
polymers that is absent for carbon. Simple electrostatic
reasoning favors B−N over B−B or N−N. Since any deviation
from a fully heteropolar bipartite three-fold coordinate BN
framework (at 1:1 B/N stoichiometry) can be decomposed into
B⇔N swaps, and each such swap inverts the hetero/homopolar
character of six bonds (i.e., from 0 to 6 homopolar bonds starting
from a perfect lattice, or 1⇔5, 2⇔4, 3⇔3 such bonds for swaps
in nonideal lattices), every such framework (including a
nanothread) must have an even number of homopolar bonds.
Homopolar B−B/N−N bonds in a 1:1 stoichiometric degree-6
borazine-derived nanothread must therefore appear in pairs.
Structures with B−B/N−N bonds are energetically unfavor-

able compared with those having only B−N bonds. A test using
isomers of BN analogues of cyclobutane and cyclohexane (see
Figure S1) shows that each pair of B−B/N−N bonds imposes a
large energetic penalty of∼4.0 eV (i.e., such isomers are∼4.0 eV
higher in energy than isomers with only B−N bonds).
Therefore, borazine nanothreads with homopolar bonds are
excluded in our enumeration; this excludes all BN nanothreads
with odd-membered rings.
We follow the convention of previous work in categorizing

nanothreads based on the degree of saturation, i.e. the average
number of sp3 carbons (or borons + nitrogens) in each
progenitor six-membered ring7 (more precisely, per six C or BN
atoms). Unreacted benzene or borazine is degree-0 while fully
saturated threads are degree-6. We enumerate BN threads of
degrees-2, -4, and -6 and adopt the naming convention from the
previous work7 with the format of “Roman numeral−Arabic
numeral”, where the Roman numeral represents the degree of
saturation, and the Arabic numeral labels topologically distinct

Figure 1. Molecular structures of benzene and borazine and the low-temperature crystal structure of borazine viewed along the a and b axes.
Nanothreads formed from carbon-based precursors likely form by polymerization along such stacks.
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structure. If a structure has conformers, a Latin alphabet letter
will be added after the Arabic number to distinguish them.
Strictly speaking, we should also label structures as C or BN-
based; e.g., CVI-1, BNVI-2. The extra labels confuse the
discussion, so we drop the atom designation, as it is usually clear
in context.
Among the 50 previously enumerated degree-6 benzene-

derived nanothreads6 (lowest in energy for C) there are 13 with
only even-membered rings. The BN analogues, VI-1 to VI-13,
are shown in Figure S2. Five of these 13 structures have three
polymerization bonds in each direction from every progenitor
borazine, and eight have two bonds up and four down the
column. Only two of these BN nanothread candidates, VI-1 and
VI-2, contain only hexagonal rings. Benzene-derived nano-
threads VI-1 and VI-2, previously called “tube (3,0)”6 and “tube
(2,1)”,6 are the hydrogenated sp3 analogues of the (3,0) and
(2,1) carbon nanotubes. We avoid that notation here to avoid
confusion with nanotubes and instead call them “thread (3,0)”
and “thread (2,1)”, or VI-1 and VI-2, respectively. VI-2 has also
been called “polytwistane” since the structure is an extension of
the twistane molecule. By the naming convention of Xu et al.,6
the two thread structures have also been labeled as 123456 and
143652, which indicate clearly the connection pattern between
adjacent molecules.
Imposing the heteropolarity rule (only B−N bonds allowed)

on the 23 previously proposed degree-4 carbon nanothreads7
yields only 10 BN nanothreads (illustrated in Figure S3). IV-12
spontaneously relaxes to the fully saturated structure VI-1 since
the two closest B···N contacts (2.30 and 2.45 Å) are within the
reaction distance to form two new σ bonds between the adjacent
borazine rings. Prior enumerations of degree-4 carbon threads
did not consider four-fold rings; adding these to the BN system
yields 19 additional candidate structures. The reason for
including four-fold rings in the BN system is that they are
much less strained and aremore competitive in energy to six-fold
rings than one obtains for C. The matter is probed numerically
in the Supporting Information, where the relative energies of
representative C and BN model molecules are compared in
Figure S4.
For degree-2 threads, all previously enumerated structures can

be converted to BN analogues without homopolar bonds due to
the weak topological constraints in these sparsely connected
systems (Figure S5). However, family II-1 falls apart into
borazine, and families II-6 and II-7 also have a few members that
fall apart.
In the prior enumeration for carbon-based threads,6,7 all

degree-3 and degree-5 threads and a fraction of degree-2 and
degree-4 threads were excluded due to the existence of radicals
(structures with one dangling bond) and diradicals (two
dangling bonds, such as those arising from the degree-4 and
degree-2 building blocks shown in the top row of Figure 2).
However, for BN threads, these structures simply host three-
coordinate borons and nitrogens, as illustrated in Figure 2,
bottom row. The expansion of enumeration to include these
additional “diradical” or “radical” structures will be reported in
due course.
Most carbon nanothread bond topologies can be notionally

converted directly to BN threads within their original unit cells,
but certain cases (such as VI-13) require unit cell doubling to
avoid homopolar bonds at the interface between cells. Thus, all
BN threads examined here have either two or four borazine
formula units in their topological unit cells (i.e., the cell that

contains the repeat of the bond connectivity, regardless of
precise atomic coordinates).

Structural Energetics. The energy ranges for BN threads
with di!erent degrees of saturation are shown in Figure 3. Going
from degree-0 borazine to degree-2 BN threads, the energy
increases; as more bonds are formed in degree-4 and degree-6
threads, the system becomes more stable. A similar trend is seen
in benzene-derived nanothreads.7 The nonmonotonicity orig-
inates from two competing e!ects: aromaticity stabilizes degree-
0 (even if it is less for BN than C), while additional σ bonds
stabilize degree-6, with the summit at degree-2 constituting an
intrinsic barrier against nanothread formation at ambient
pressure. What is di!erent from the benzene system is that
only two BN nanothreadsthreads VI-1 and VI-2are found
to be more stable than molecular borazine, whereas more than
15 carbon nanothreads were calculated to be more stable than
benzene. This derives from a π to σ bond conversion (what
happens in increasing the degree of saturation in a polymer)
being roughly twice as stabilizing for C as for BN and the greater
viability of structures with five-membered rings for C. The DFT
PBE level calculations show that the reaction energy of three
molecules of ethylene to cyclohexane is −3.43 eV (the
experimental reaction enthalpy is −2.86 eV calculated from
NIST Chemistry WebBook https://webbook.nist.gov/
chemistry/), while that of three BH2NH2 to an analogous
cyclohexane structure is only −2.08 eV.
The relaxed structures of the four lowest-energy degree-6 BN

threads in our enumeration are shown in the top row of Figure 4;
the remainder can be found in Figure S2. Threads VI-1 and VI-2
are the only structures that contain solely six-membered rings,
and as anticipated, they are the two lowest-energy degree-6 BN
threads, respectively, 0.23 and 0.21 eV per borazine formula unit
more stable than solid-state molecular borazine (see below).
They are 0.32 and 0.30 eV per borazinemore stable than the gas-
phase molecule. In the carbon thread analogue, the energetic
order of these two threads is reversed: VI-1 (called “tube(3,0)”
in the previous work6) is 0.16 eV/(CH)6 less stable than VI-2
(called “polytwistane” in the previous work6) presumably due to
unfavorable H···H eclipsing between adjacent six-membered
rings along the thread in the carbon analogue. Those
unfavorable H···H interactions may actually become attractive
“dihydrogen bonding” in the BN thread.33
In general, dihydrogen bonding has been invoked as an

attractive interaction between two hydrogens that are attached
to very electropositive and very electronegative atoms,
respectively. These may occur (and be variously rationalized)
with either an electrostatic interaction or a σ bond donor (X−H
bonds, where X =O, N, C, halogen) to σ* bond acceptor (M−H
bonds, where M = B, Al, Ga, Ir, Mo, Mn, Os, Re, Ru, W)

Figure 2. Diradical building blocks of benzene nanothreads (top
row) and the similar, but nondiradical, building blocks of borazine
nanothreads (bottom row).
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donation, as shown in Figure 5 (left). The typical dihydrogen
bonding H···H contact is 1.7−2.2 Å and the XH···H−M angle is

90−135°.34 For BN thread VI-1, the corresponding H···H
distance is 2.10 Å and the NH···H−B angle is 99.2°. The bonds
involved optimize to BH and NH, 1.22 and 1.02 Å, respectively
(Figure 5 right).
Dihydrogen bonding also exists in BN threads VI-3, VI-4, VI-

5, VI-6, VI-10, VI-11, and VI-12 with B−H and N−H bond
lengths and H·· H contacts in range of 1.21−1.23, 1.01−1.03,
and 1.84−2.20 Å, respectively. Similar interactions raise the
melting point of ammonia borane (H3NBH3) to be 284 °C
higher than that of its hydrocarbon analogue ethane. It is worth
noting that the potential of interchain dihydrogen bonds could
influence BN thread packing, which might lead to denser
packing than that for benzene-derived nanothreads.
Square/octagon-containing BN nanothreads are from 0.38 to

0.91 eV per borazine formula unit less stable than VI-1. The B−
N bonds in all degree-6 BN nanothreads are generally close to
1.58 Å, similar to those in cubic BN and ammonia borane, and
longer than those in borazine, 1.44 Å. B−H and N−H bonds are
similarly close in length (∼1.22 and ∼1.02 Å, respectively) to
those in borazine23 (1.20 and 1.02 Å, respectively) and ammonia
borane35 (1.216 and 1.014 Å, respectively). The bond lengths of
both B−H and N−H in the degree-6 BN thread structures with
dihydrogen bonds do not change significantly compared with
those for structures without dihydrogen bonds.
Turning to the partially saturated degree-4 and degree-2

threads (the four lowest-energy structures are in the lower rows
of Figure 4, and the complete sets of structures are shown in
Figures S3 and S5), the spread in energies for the degree-4 BN
nanothreads (0.45 to 0.67 eV per borazine formula unit) is close
to that for carbon threads (0.58 to 0.72 eV per benzene formula
unit) without consideration of structures with separated three-
coordinated B or N atoms (analogues of carbon “diradicals”).
For degree-2 BN nanothreads, the energy range is from 0.54 to
0.81 eV per borazine formula unit. The total and relative
energies (to crystal borazine) for each enumerated BN threads
are provided in the Supporting Information.
Nanothreads IV-10 and IV-13 introduce still another feature

specific to BN nanothreads, namely, B−H···B and N−H···N
hydrogen bonding. The left and middle panels of Figure 6
reproduce these two structures, marking the bonds involved in
red ovals. These interactions derive in a way from “unhooking”
the double bond in a BN unit and viewing the electron pair as
localized according to the inherent electronegativity, as in the
aminoborane structure shown in the right panel of Figure 6. N−
H···N hydrogen bonds are a routine phenomenon in

Figure 3. Calculated energies of borazine nanothreads with di!erent degrees of saturation relative to atmospheric-pressure low-temperature
crystalline borazine, in units of eV per B3N3H6. Only fully saturated species aremore stable than the precursor crystal, although enthalpic e!ects
at high pressure will tilt this landscape.

Figure 4. Four lowest-energy BN nanothread structures of each
degree of saturation: 2, 4, and 6, referenced to the energy of a
molecular crystal of borazine. Only VI-1 and VI-2, composed
entirely of six-fold rings, have a negative formation energy at
atmospheric pressure.

Figure 5. Sketch of the dihydrogen bond (left) and the dihydrogen
bond in BN thread VI-1 with H···H contact distance of 2.10 Å and
NH···H−B angle of 99.2°.
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chemistry;36 they are electron-rich three-center bonds that
occur in both bent and linear forms and are mostly asym-
metrical.37 The N···N distance in known hydrogen bonds
typically ranges from 2.9 to 3.1 Å.38,39 B−H···B entities are
common in borane chemistry; these two-electron three-center
electron-poor systems are mostly symmetrical and highly bent
(note relationship to H3

+). In nanothreads, the B−H···B
distances are not symmetrical, due perhaps to the rigidity of
the backbone preventing optimization of the B····B separation
and the three-fold σ bonding of the hydrogen-bearing B to the
surrounding nanothread backbone. The appearance of N−H···

N and the B−H···B bonding in pairs, i.e., sharing a B−N dimer,
may be synergistic due to charge localization within the dimer.
In the structures where we encounter them, the H···B andH···

N contacts range from 2.1 to 2.3 Å, and the B−H···B andN−H···
N angles are 115−118 and ∼127°, respectively. The
corresponding B−H and N−H bonds are elongated ∼2 and
∼1%, respectively, compared to those in borazine. The overall
ranges of bond lengths for B−H and N−H in all degree-4 BN
threads are 1.20−1.23 and 1.01−1.03 Å, respectively, which are
almost the same as those in degree-6 BN threads and close to
those in ammonia borane or borazine. Note also that structures

Figure 6. Structures of degree-4 BN threads IV-10 (left) and IV-13 (middle). The B−H···B and N−H···N hydrogen bonds involved are marked
in the red ovals with the H···B and H···N contacts connected by the dotted lines. The corresponding hydrogen bond lengths range from 2.1 to
2.3 Å. The localized electron pair in the aminoborane structure (right).

Figure 7. Hypothetical pathways frommolecular borazine toward threads VI-1 and VI-2, the only BN nanothreads that are lower in energy than
the precursor at ambient conditions. All energies are per borazine unit, relative to crystalline borazine calculated without van der Waals
interactions. Structures II-2b and IV-12 spontaneously relax to the more saturated structures. Unit cells (periodic approximate for the helical
VI-2) are marked.
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IV-10 and IV-13 place the residual BN double bonds of each
borazine far enough from each other (by either spiraling them
around the thread axis or alternating them across the thread
backbone in the so-called anti configuration7) that these
structures may be plausible kinetic end points to thread
backbone polymerization.
Expanding our view to include threads that contain four-fold

and eight-fold rings, other interesting features emerge. The
degree-4 thread IV-14 (see Figure S6) forms B−H−B
multicenter bonds when relaxed at a 5.5% compressed axial
lattice constant (i.e., 94.5% of the original axial lattice constant).
Further interesting phenomena arise when periodic boundary
conditions are relaxed: a degree-4 structure prefers a tightly
curled geometry that can close up onto itself to form a wheel,
illustrated in Figure S7. A few other degree-4 structures (Figure
S8) have very loose spirals with large diameters that may require
a di!erent synthetic strategy because under high pressure they
will not have access to enough reaction volume. In degree-2 BN
nanothreads, the II-1 family of structures7 in which the atoms at
the 1 and 4 positions on the ring bond up and down with
neighbors (para configuration) automatically collapse into
unbonded borazine molecules. We here defer our interests in
all these intermediate structures and focus on the structures that
are directly related to low-energy fully saturated nanothreads.
For purposes of comparisons between di!erent thread

backbones, we simply reference nanothread formation energies
to the atmospheric-pressure low-temperature structure of
borazine (i.e., below 215 K). We do not reference to the energy
of the high-pressure crystal structure of borazine because it is
experimentally unknown and also because actual enthalpies of
thread formation at pressure would require calculations of
densely packed thread lattices, which is beyond our current
scope. The total energy of this molecular crystal is 0.09 eV per
B3N3H6 lower than that of gas-phase borazine, reflecting
stabilizing dispersion and electrostatic force interactions. The
closest intermolecular H···H distance is 2.54 Å (2.49 Å in
experiment25), outside the hydrogen van der Waals sphere.
Stacked molecular columns favor homopolar intermolecular
closest approaches (i.e., intermolecular B···B and N···N are
closer than B···N), consistent with highermultipoles dominating
the electrostatics.
Hypothetical Reaction Pathways. Similar to the case of

benzene, the complex isomerism of borazine nanothreads at
di!erent stages of saturation yields many potential reaction
pathways from molecular borazine to nanothreads; a reasonable
way to track these is to follow the increase in degree of
saturation. Since only borazine threads VI-1 and VI-2 are more
stable than themolecule at ambient conditions, we consider only
sequences leading to these in Figure 7. The “pathways” shown
there are more properly thought of as topological relationships
that connect the molecule to degree-6 threads, as several of the
intermediate structures shown are not metastable. More
specifically, degree-2 II-2b and degree-4 IV-12 (following the
naming convention of Chen et al.7) spontaneously relax into
more saturated structures (II-2b relaxes to VI-2 without any
degree-4 intermediates, and IV-12 relaxes to VI-1), while
structure IV-6, although it can locally relax in its original unit cell,
spontaneously relaxes to thread VI-2 after cell doubling followed
by a slight symmetry-lowering structural perturbation. Thread
IV-9 is also barely metastable: axial compression by 1% converts
it to VI-1 (and VI-2 may also be possible for a longer axial
supercell). The optimal axial lattice constant for IV-9 is
determined from a fit of the Birch−Murnaghan equation of

state where the IV-9 structure is retained (see Figure S9 right
panel). The phonon spectra (Figure S10) for the threads in
Figure 7 and other representative examples are provided in the
Supporting Information with analysis for the vibrational modes
and stabilities.
Taken as a whole, these results suggest that BN nanothread

formation from borazine strongly favors a fully saturated degree-
6 final state. As a caveat, note that pressure may favor certain
metastable (e.g., degree-4) outcomes, especially if they place
residual BN double bonds at well-separated locations along
the backbone, as noted above. Detailed consideration of reaction
pathways under pressure in the solid state is beyond our scope
here and awaits further information on the high-pressure phase
diagram of crystalline borazine. To our knowledge, only the
atmospheric-pressure crystal structure is known.25

Properties. As anticipated based on the strength of the B−N
single bond, the VI-1 and VI-2 threads have very high Young’s
moduli (Table 1), 0.72 and 0.75 TPa, respectively, when the
cross-sectional areas are defined as for benzene-derived
nanothreads by dividing the linear (B, N) atom density of the
nanothread by the volume per atom of cubic BN. These Young’s
moduli almost match those of the corresponding benzene-
derived nanothreads,6 although note that the nonlinear
mechanical response of BN systems may di!er from that of
the carbon nanothreads, due to the energetic cost of any
homopolar bonds which may come into play under plastic
deformations. The Young’s moduli for the other degree-6 BN
threads are much lower, which might be due to internal strain
associated with four-fold rings and the looser atomic packing of
corresponding eight-fold rings. All of the enumerated degree-6
BN threads are predicted to be insulators with band gaps larger
than 4.5 eV, as shown in Table 1.
Hexagonal BN sheets do not support a spontaneous electric

dipole moment due to their three-fold symmetry. This
symmetry is broken upon wrapping the sheet into a nanotube,
yielding a spontaneous electric dipole when the nanotube’s so-
called “wrapping indices” (i.e., the circumference expressed in
lattice coordinates (n,m)) satisfy (n−m) mod 3 ≠ 0.40 In BN
nanothreads, the sp3 geometry provides further symmetry
breaking. A single BN thread VI-1 is calculated following the
modern theory of polarization41 to hold an axial moment of
−9.64 electron·Å, following a single branch of the dipole lattice
through an adiabatic pathway from a stack of borazine rings to a
fully formed nanothread or its inverse, as shown in Figure 8a,b.
Importantly, there are nometallic states along this adiabatic path
(Figure S11).
If we assume that BN nanothreads pack into a near-hexagonal

structure with ∼6.5 Å lattice constant (similar to carbon
threads) and consistent polarity, we obtain an estimated
polarization density of ∼0.97 C/m2 for the bulk material, higher
than that of polyvinylidene fluoride polymer (PVDF) ferro-
electrics42 (0.178 C/m2) or BaTiO3 (0.27 C/m2).43 BN
nanothreads are further distinguished from traditional polymer
ferroelectrics by their exceptionally rigid backbones. Additional
symmetry lowering through incorporation of heteroatoms or
functional groups (for example, selective fluorination) may
further enhance or reorient the polarization density.
In addition to a spontaneous electric dipole moment, sp2 BN

nanotubes also exhibit a piezoelectric response:42,44 so-called
zigzag BN nanotubes couple axial strain to an axial electric
dipole, while armchair BN nanotubes couple an axial electric
dipole to torsional strain. BN-based nanothreads that share
lattice symmetry with their sp2 nanotube cousins should exhibit
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similar types of coupling. BN thread VI-1 couples axial strain to
axial dipole (as does BN thread VI-2, but more weakly). The
piezoelectric stress tensor component that couples axial strain to
axial dipole, e33, and the piezoelectric strain coe"cient d33 that
couples stress to axial dipole are calculated by fitting the
calculated polarization with respect to strain (Figure 9a) and
stress (Figure 9b), with results shown in Table 1. The value of e33
for BN thread VI-1, 0.86 C/m2, is modest compared with that of
commercial piezoelectric materials such as PbTiO3

45,46 (1−10
C/m2) but larger in magnitude than that of PVDF polymer and
its copolymers47,48 (−0.25 to−0.33 C/m2) and zigzag sp2 boron
nitride nanotubes42 (0.18 to 0.39 C/m2), suggesting BN
nanothreads as potential alternative materials for lead-free
piezoelectric devices.49
In contrast to the positive piezoelectric coe"cients for VI-1,

threads VI-2 and VI-3 yield negative piezoelectric coe"cients
comparable to that of PVDF. While the negative piezoelectric

e!ect for PVDF and its copolymers (e33 from −0.25 to−0.33 C/
m2) is thought to originate from electromechanical coupling
between intermixed crystalline lamellae and amorphous
regions,50,51 that for single-phase threads VI-2 and VI-3 may
instead originate in the frozen-ion contribution to the
piezoelectric response.52,53 The isolated thread VI-4 has a
centrosymmetric structure and thus has no piezoelectric
response along the thread axis. The piezoelectric strain
coe"cients d33 for all four degree-6 BN threads are smaller
than those for common piezoelectric materials (−14.7 pm/V for
BaTiO3,54 −49.6 pm/V for PVDF51) owing to their very high
axial sti!ness; this mechanical strength is of course an advantage
in certain actuator applications.
The distinctive feature of polarization response in BN

nanothreads does not relate to the simple magnitude of the
polarization density or piezoelectric response but to the
exceptional combination of narrowness, rigidity and reduced
symmetry possible in nanothreads. This combination of
qualities may allow uniform external fields to generate very
large strain gradients transverse to the thread axis. Two scenarios
are possible here: a gradient across a single low-symmetry
thread, or a gradient across two or more distinct mechanically
coupled (i.e., cross-linked) threads. For example, VI-1 and VI-2
threads have opposite signs to their longitudinal piezoelectric
coe"cients and thus could generate a very large strain gradient
across the interface between them: a flexoelectric response. A
similar e!ect is seen h-BN bilayers that have AA′ stacking
registry.55 The naiv̈e field-induced curvature κ (i.e., assuming no
internal mechanical relaxations) is (dii1 − dii2)E/h, where h is the
interthread/interlayer distance, E the external electric field, and
dii1 and dii2 the piezoelectric strain coe"cients of the two threads
(dii1 = d33VI‑1, dii2 = d33VI‑2) or h-BN layers (dii1 = −dii2 = d11). Using h ∼
6.5 Å as the interthread separation yields κ ∼ 0.0052 E
(measuring E in volt/meter), which is the same order of
magnitude as that for a h-BN bilayer55 (κ ∼ 0.0089 E). Both of
these naiv̈e values would decrease modestly when allowing for
full mechanical relaxation.

Figure 8. (a) Representative intermediates for evolution from a
borazine stack to the degree-6 borazine thread VI-1 and its invert.
(b) Calculated total dipole moment as a function of percent
distortion from the molecular stack (0%) to the fully saturated
thread VI-1(100% distortion) and its invert (−100% distortion).
The blue dots are connected with solid and dashed lines to show
branches of the polarization lattice.

Figure 9. Calculated polarization versus (a) strain and (b) stress for BN thread VI-1; the identical slopes here indicate that the proper
piezoelectric response is branch independent.

Table 1. Calculated Physical Properties of the Four Lowest-
Energy BN Degree-6 Nanothreads

energy
per

B3N3H6
(eV)

band
gap
(eV)

Young’s
modulus
(TPa)

piezoelectric
stress coe"cient
e33 (C/m2)

piezoelectric
strain coe"cient
d33 (pm/V)

VI-1 −0.23 4.89 0.72 0.86 2.36
VI-2 −0.21 5.13 0.75 −0.34 −1.04
VI-3 0.15 4.70 0.48 −0.35 −1.42
VI-4 0.16 4.57 0.49 0 0
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To generate a transverse displacement of ∼150 nm in a beam
∼20 μm long requires similar fields in both systems: 0.084 V/μm
for the h-BN bilayer55 and 0.144 V/μm for coupled BN threads.
In contrast, the pull-in field needed to achieve the same
transverse displacement for a 20 μm long few-layer graphene
electro-mechanical beam is much larger, ∼12 V/μm, due to the
absence of intrinsic flexoelectric coupling.55,56 Nanothreads
which lack any rotational symmetry about the thread axis, such
as VI-4 and VI-13 in Figure S2, may express similar couplings
within a single thread wherein the characteristic dimension h is
even smaller and the now-covalent mechanical coupling
between the extensile and contractile regions is much stronger
than is possible in van der Waals systems; such a thread may
provide a monolithic flexoelectric actuator at the extreme limit
of small size. Similar behavior may also be accessible to carbon-
based nanothreads that host symmetry-lowering heteroatoms.
More generally, as piezoelectric response is often dominated

by domain dynamics, structural anisotropy, mechanical moduli
and physical size, the unusual structural organization of
nanothreads into extremely anisotropic, dense lattices of very
thin yet rigid symmetry-broken linear constituents conveys
intriguing possibilities for exceptional expressions of electro-
mechanical coupling at both the bulk and individual-thread
scales.

CONCLUSION
Borazine nanothreads with degrees of saturation of 2, 4, and 6
are enumerated using the same methods for benzene-derived
nanothreads with the exclusion of homopolar bonds due to large
energy penalty.With the constraint of only two borazine formula
units per topological unit cell, there are only 13 fully saturated
BN nanothreads, only two of which are more stable than the
borazine molecules. Unlike partially saturated benzene nano-
threads in which only degree-2 and degree-4 threads without
radicals and diradicals are possible, degree-3, degree-5 and
degree-2 and degree-4 could exist with normal three-
coordinated borons and nitrogens. The polarization and
piezoelectric response for the first four lowest-energy degree-6
BN threads are calculated theoretically. The piezoelectric stress
coe"cients for BN thread VI-(3,0), VI-(2,1), and VI-3 are
modest compared with commercial bulk piezoelectric materials
but larger than PVDF polymer and with a much larger modulus
and distinct form of nanoscale organization that lends itself to
the induction of very large transfer strain gradients, due to the
unusual combination of extreme narrowness and rigidity
possible in nanothreads.

METHODS
The calculations for energies for BN nanothreads, borazine crystal, and
gas-phase borazine molecule are performed with density functional
theory,57 with the projector-augmented wave (PAW)58 method and the
Perdew−Burke−Ernzerhof (PBE) generalized gradient approximation
(GGA)59,60 exchange-correlation energy functional as implemented in
the Vienna Ab initio Simulation Package (VASP).61−65 All structures
are optimized with an energy cuto! of 600 eV for the plane-wave basis,
0.05 eV Gaussian smearing, and the energy and force criteria of 10−6 eV
and 0.01 eV/Å, respectively, without van der Waals correction. To
avoid complications arising from threads packing densely into a crystal,
here, we consider only isolated nanothreads in a a × a × c hexagonal
unit cell with a ≥ 11 Å for separating the closest hydrogen pairs on
neighboring threads. Atomic positions for BN threads are relaxed with a
line of k points along the axial direction separated by less than 0.2 Å−1.
The axial lattice constant was interpolated from the Birch−Murnaghan
equation of state at a dense set of fixed axial cell lengths (see Supporting

Information for details), and the final structure was rerelaxed at the
optimal axial lattice constant. In the absence of information on the high-
pressure crystal structure of borazine, the atmospheric-pressure low-
temperature crystal structure provides a reference for energy
comparison. This crystal structure is optimized with a 3 × 3 × 1 k
points sampling for the unit cell. The gas-phase borazine molecule is
relaxed in a cubic cell of 10 Å × 10 Å × 10 Å with gamma point sampled
only. The computational details for Young’s modulus and phonon
spectra for BN nanothreads are provided in the Supporting
Information.

The dipole moments from both ionic and electronic contributions
for isolated BN threads are calculated using projector augmented waves
and the PBE generalized gradient approximation exchange-correlation
functional in VASP. To this end, the structural coordinates for the four
lowest-energy fully saturated BN threads are further relaxed to a
threshold of 1 meV/Å at an energy cuto! of 700 eV. Polarization in a
periodic system is multivalued, i.e. it is a polarization lattice with equally
spaced branches. The electronic polarization is calculated using the
modern theory of polarization41 as implemented in VASP. This method
requires a nonpolar reference from which one obtains the change of
polarization relative to the system of interest through an adiabatic
process. We reference to a stack of borazine rings with the same inter-
ring distance as one of our enumerated threads (the “BN thread VI-1”),
generating a series of intermediates through boron/nitrogen buckling
of successive rings to build a pathway to a fully saturated BN thread.
Here we only consider the dipole moment along the thread axis, i.e., p =
p3. The polarization density is estimated for threads packed into a near-
hexagonal structure with ∼6.5 Å lattice constant similar to that for
benzene-derived nanothreads.2

The piezoelectric stress response eαj and strain response dαj are
defined52,54 by

= =e
P

j
j

j (1)

= =d
P

j
j

j (2)

where P is the polarization, ε is the electric field, η is strain, and σ is
stress. We consider the piezoelectric response that couples axial strain/
stress to axial dipole, i.e., e33 and d33, by fitting the calculated
polarization and stress for axial strains from −0.02 to 0.02 with
optimized atomic positions. Although eqs 1 and 2 define the improper
piezoelectric tensors, it is evident that e33improper = e33proper and d33improper =
d33proper as the unit cell area in our calculations does not vary with strain/
stress.66 Thus, the calculated e33 and d33 are independent of choice of
branch and can be compared with experimental data that measures the
current density flowing through the sample in response to a slow
deformation (i.e., the proper piezoelectric response).
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