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ABSTRACT

We report herein a theoretical prediction and characterisation of a new two-dimensional (2D) material
based on energetic polyguanidine. The structure represents a hexagonal type lattice of the P6/m
space group. The material is dynamically and mechanically stable. Highly accurate band structure
calculation with hybrid functional HSEO6 reveals a tiny direct band gap being equal to 0.181 eV. We
provide an additional spectral characterisation of the 2D polyguanidine substance including UV-vis,
nuclear magnetic resonance and nuclear quadrupolar resonance parameters. The electron transport
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properties of a 26.6 A wide polyguanidine ribbon are calculated in terms of tight-binding density materials
functional theory approach. The predicted 2D material is also analysed by means of Quantum Theory
of Atoms in Molecules and the aromatic character of the formed rings is estimated using nucleus-

independent chemical shifts quantities.

1. Introduction

Two-dimensional (2D) materials with high nitrogen con-
tent demonstrate a sustainable growing interest due to
their interesting electronic and thermochemical proper-
ties [1,2]. Usually obtained by an exfoliation of the cor-
responding layered bulk materials [3], the 2D structures
possess quite different properties due to the high surface-
bulk ratio and the absence of the interlayer interaction
[4,5]. Though the discovery of the first 2D material,
graphene, was first reported in 2004 by Novoselov et al.
(6], the synthesis of 2D materials other than graphene
still remains to be rare. Graphene itself demonstrated

a limited application due to a lack of intrinsic band
gap [7].

Meanwhile, guanidine has a high nitrogen content
(71.1 wt %), and in the protonated form, it is often consid-
ered as an energetic ion in the high-energy density mate-
rials [8]. Guanidine forms salts via a proton transfer from
another energetic molecules, usually from the neigh-
bour OH-groups of different bis(1H-tetrazole) deriva-
tives [9]. Besides these molecular counterparts, guanidine
forms salts with different other energetic compounds, and
among those one can find dinitromethanides, which are
characterised by a low impact sensitivity (>40 J) [10];
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Scheme 1. Neutral and ionic forms of guanidine.

for example, 5-nitroguanidyltetrazole [11], nitroformate
[12], 1-amino-1-hydrazino-2,2-dinitroethene [13], 3,3'-
dinitro-5,5"-azo-1,2,4-triazolate [14], 5,5 -azotetrazolate
[15] and bis[4-nitraminofurazanyl-3-azoxy]azofurazan
[16]. In acidic solution, guanidine can condensate with
alcohols and aldehydes [17,18], which may be a potential
route to the 2D polymer preparation.

Guanidine also includes numerous applications in bio-
logical systems. When bonded with phosphate residue,
guanidinium moiety enhances peptide transport through
liposomal and cell membranes [19]. This moiety is one
of the building blocks of batzelladines, a family of highly
complex polyguanidinium alkaloids, which were isolated
from the Caribbean sponge Batzella sp. [20]. Recently
developed guanidinium ionic liquids exhibit remarkable
chemical properties, which are applied for separation of
multiple types of glycoproteins [21] or selective enrich-
ment of phosphopeptides [22]. Apart from the biologi-
cal applications, the guanidine is used as an additive to
dye-sensitised solar cells in order to improve their per-
formance [23] as well as to hybrid perovskite solar cells to
enhance carrier lifetime and open-circuit voltage [24]. To
form water insoluble low-toxic disinfectants or biocides,
guanidine is coated on thin-film composite polymers as
well [25].

As we have mentioned above, guanidine (Scheme
1(A)) can be easily protonated to form an onium (guani-
dinium) cation (B); the latter has two main resonance
contributions with the N and C-atoms being positively
charged (Scheme 1). The guanidinium cation remains
protonated over a much wider range of pH than does the
ammonium group [26].

Due to the presence of a 2p, orbital at the
sp>-hybridised carbon atom, guanidine can acquire
one or two electrons forming the corresponding radical
and anion (Scheme 1(C)). Thus, it becomes clear that the
asymmetric cell of the 2D polyguanidine should combine
two guanidine moieties B and C. From this point of view,
it is interesting to model and study a 2D material based
on the guanidine molecule, which has been performed
in the presented work.

2, Computational details

Periodic density functional theory (DFT) calculations
have been performed using Cambridge Serial Total

Energy Package code [27] as implemented in Materials
Studio 7.0 suite of programs [28]. All the calculations pre-
sented in this work have been performed at two levels of
theory, namely, local density (LDA) and generalised gra-
dient (GGA) approximation. Within the GGA approach,
cell relaxation, nuclear magnetic (NMR) and quadrupo-
lar (NQR) resonance properties as well as the electron
transport characteristics have been calculated using the
functional parameterised by Perdew-Burke-Ernzerhof
(PBE) [29]. Mechanic properties have been obtained by
using the modified functional, namely, PBE for solids
[30]. Finally, the band structure and optical properties
calculations have been carried out using a highly accurate
hybrid functional by Heyd-Scuseria-Ernzerhof (HSE06)
[31]. The latter functional has been recently proven to
produce the band gaps being close to ones experimen-
tally obtained results [32]. For GGA/PBE approach, the
long-range correlations have been taken into account
entirely using the Tkatchenko-Scheffler (TS) scheme
[33]. Within the LDA approach, we have applied the func-
tional due to Ceperley and Alder [34] as parametrised
by Perdew and Zunger [35], namely, CA-PZ. The long-
range correlations were taken into account using scheme
by Ortmann-Bechsted-Schmidt [36].

Description of the electron-core interactions has been
presented entirely using the norm-conserving pseudopo-
tentials (NCPs). In the case of phonon dispersion cal-
culations, which have been performed with the finite
displacement method, the Vanderbilt type pseudopo-
tentials have been applied. Such approach was recently
proven to be reliable [37,38]. Finally, for the Quan-
tum Theory of Atoms in Molecules (QTAIM) analysis,
the wave functions have been obtained using the pro-
jector augmented wave based method [39] as part of
the Quantum Espresso 4.3.2 program package [40]. The
QTAIM analysis has been carried out using the CriTic2
software [41].

During calculations, the electronic wave functions
have been expanded in a plane wave basis set with an
energy cut-off of 1000 eV (73.5 Ry). The Monkhorst-Pack
k-point sampling scheme with a 6 x 6 x 2 (0.03 1/A)
k-point mesh has been specified entirely except of band
structure calculations. For this case, a looser mesh of 3 x
3 x 2 (0.06 1/A) and 700 eV (51.4 Ry) energy cut-off
has been utilised since this provides minimal settings for
reproducing stable results [42]. To avoid unphysical inter-
actions between the layers, a 15 A vacuum slab has been
added at the starting point. Thereafter, the complete cell
relaxation has been allowed.

Finally, the molecular DFT calculations have been per-
formed using the GAUssIANQ9 suite of programs [43]. The
wave functions have been obtained by the B3LYP method
[44] with the Pople’s split-valence quasi triple-¢ basis set
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Figure 1. The optimised asymmetric cell and the topological
parameters of the 2D polyguanidine (bond lengths are in A).

(6-311 G) and addition of both the polarisation (d, p) and
diffuse (+) functions [45].

3. Results and discussion

3.1. Structure and electronic properties

The optimised asymmetric cell of the 2D polyguanidine
along with the bond critical points (BCP), paths and ring
critical points (RCP) is illustrated in Figure 1 and the
packing of the layer is presented in Figure S1 in the Sup-
porting Information. Geometry optimisation has led to
the hexagonal lattice of the P6/m space group (the Laue
class 6/m) for the supercell. All the atoms occupy the
Wyckoff position 6j: C (0.333,0.667,0), N (0.383,0.900, 0)
and H (0.240, 0.937, 0). As it follows from Figure 1, there
are three non-equivalent bond lengths. The N-N bond
length is equal to 1.417 A, which is slightly less than in the
recently predicted trigonal nitrogen allotrope (1.436 A)
[42]. The N-H bonds are significantly elongated (1.069
A) which can be attributed with a strong NH-acidity.
Similar results are obtained at the LDA level of theory,
but the structural parameters are bit smaller (Figure 1).
According to the Hirshfeld population analysis, the car-
bon atoms are slightly positively charged (4-0.16) and the
nitrogen atoms are negatively charged (—0.08). Thus, a
strong charge delocalisation occurs which tends to equal-
isation of all the bond lengths within the cell. The 2D
polyguanidine has a strong cohesive energy, which has
been calculated using Equation (1). The obtained value is
7.07 eV/atom (6.55 eV/atom at the LDA level of theory)
indicating a good robustness of the studied solid.

Econ=— (1/2Ephase — (Ec + 3Ex + 3EH))/7’ (1)
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Figure 2. Phonon dispersion and density of phonon states (a) as
well as band structure and partial density of states (PDOS) (b) for
the 2D polyguanidine.

where Eppae is the total enthalpy (PBE-TS) of the 2D
polyguanidine; Ec, Ex and Ey are the total enthalpies of
an isolated carbon, nitrogen and hydrogen atom, respec-
tively; these have been obtained in terms of the supercell
approximation (vacuum slab thickness is 15 A).

In order to estimate the dynamical stability of the
2D polyguanidine, we have performed phonon disper-
sion calculation. The obtained results along with the
phonon density of states at the GGA/PBE level of the-
ory are illustrated in Figure 2(a). A similar result was
obtained using the LDA approach. The phonon spectrum
has total 42 modes, from which 39 modes are optical.
As one can see in Figure 2(a), the obtained spectrum for
2D polyguanidine is characterised by the absence of soft
modes. At the g = 0 the N-H valence vibration equals to
2893 cm™! being significantly lower than the usual fre-
quencies of this type vibrations (>3000 cm™!). This sug-
gests a specific form of very weak N-H bonds. With the
rise of g-vector, this branch decreases sharply which can
be attributed to the preferable out-of-plane position of
the N-H bonds. Probably, another non-planar phase of
the Cs, point group should exist. The symmetry reduc-
tion down to the trigonal crystal system can produce
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other stable polymorphs; therefore, this requires further
more detailed study.

An interesting question about the band structure
of 2D polyguanidine material arises after vibrational
analysis. To answer this question, we have performed two
calculations of the band structure in terms of the high-
throughput approximation, which includes a standard
definition of the high symmetry k-path for all the 14 Bra-
vais lattices [46]. For the hexagonal lattice, the Brillouin
zone integration scheme along with the corresponding
k-path is illustrated in Figure S2 and the definition of
k-points is presented in Table S1 in the Supporting
Information.

We have applied a highly accurate approach
NCP/HSE06/700 eV and the results are graphically
illustrated in Figure 2(b). As it follows from the band
structure plot, the 2D polyguanidine sheet possesses a
tiny direct gap of 0.181 eV (GGA/HSEO06), while a zero
band gap was found at the LDA level of theory. Note that
the use of pure GGA functional (NCP/PBE/1000 eV)
provides similar results for the band gap (0.115 eV).
There is a non-zero population at the Fermi level; thus,
one can conclude that 2D polyguanidine behaves as a
semimetal. The valence band maximum and conducting
band minimum occur at the I'-point. Moreover, valence
band (VB) consists almost totally from 1s states of hydro-
gen. Thus, in contrast to graphene, which has no the
intrinsic gap, 2D polyguanidine material can find useful
applications in organic electronics and photonics.

3.2. Spectral characterisation and mechanical
stability

To access information for spectral identification of 2D
polyguanidine, we have calculated optical properties,
namely, reflectivity, refractive index, conductivity and the
loss function. Together with the absorption coefficient
(@), these quantities are derivatives of the complex dielec-
tric function g(w) = e1(w) + igy(w) [47]. Thus, the
absorption coefficient can be expressed as the following
(Equation (2)) [47]:

1/2
a(w) = ﬁ[,/s%(m + &2 (w) — el(w)] ()

Equations for the rest of the optical properties along
with the corresponding plots are presented in Figure S3
in the Supporting Information.

We have performed calculations of the optical proper-
ties for three directions of the polarised incident light, but
due to the symmetry constraints, the directions [1 0 0]
and [0 1 0] are identical. The obtained spectral results
for the absorption coefficient « are illustrated in Figure 3.

9
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" Polycrystalline
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Figure 3. The calculated absorption spectrum of the 2D
polyguanidine in three directions of the polarised incident light.

The direction [0 0 1] is the most important since it is per-
pendicular to the layer plane. As one can see in Figure 3,
the results are in good agreement with the band structure
calculations. The absorption covers entire visible region
as well as the near infrared region. The lowest in energy
transitions correspond to the directions [1 0 0] = [0 1 0],
while for the polarisation direction [0 0 1], the signifi-
cant absorption starts in the visible region. Thus, one can
expect that the 2D polyguanidine material represents the
black matter. A strong absorption peak also occurs in the
far UV region at about 100 nm.

Assignment of eight of the lowest in energy electronic
transitions in the absorption spectrum of 2D polyguani-
dine is presented in Table 1, and the VB and conduc-
tion band (CB) are illustrated in Figure 4. As it follows
from Table 1, electron transitions with maximum over-
lap occur from the VB in all the cases. The first intense
absorption band with A, at about 480 nm (Figure 3)
corresponds to a series of close-lying transitions from VB
to the series of o-bands (see Figure S4 in the Support-
ing Information). Meanwhile, the first electron transition
occurs from the n-type VB to the -type CB and has zero
intensity because it is forbidden by symmetry.

Further, we have calculated the NMR parameters with
the gauge-including projector augmented-wave method
[48] and electric field gradient (EFG) values. The calcu-
lated data are listed in Table 2. Since the choice of NMR
reference in theoretical calculations may become criti-
cal [49], we have discussed only the absolute values of
magnetic shielding tensor (ois,). The values of o5 at
the nitrogen atoms are equal to —35.35 ppm. This value
much differs from that of molecular nitrogen —91.33 ppm
[1] suggesting a denser electron arrangement around the
nitrogen nuclei compared to molecular nitrogen. On the
other hand, this value is lower than that of recently calcu-
lated carbon nitride phases (119-136 ppm) [50].
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Figure 4. Valence and conduction bands of 2D polyguanidine.

Table 1. Energies (eV) and orbital assignment of the electron

transitions in absorption spectrum of 2D polyguanidine.

State E(eV) Assignment Overlap
S 0.100 VB—CB 0.997349
VB—CB+4 0.001405
S, 1129 VB—CB+1 0.777131
VB—CB+6 0.017527
S5 2.427 VB—CB 0.001043
VB—(CB+4 0.899799
VB—CB+9 0.085043
S4 2.602 VB-2—CB+1 0.152486
VB-1—CB+1 0.048119
VB— CB+2 0.577177
VB—CB+3 0.121563
VB—CB+7 0.091096
S5 2.602 VB-2—(CB 0.047840
VB-1—CB+2 0.151833
VB—CB+2 0.121718
VB—CB+3 0.577530
VB—CB+38 0.091490
Se 2.874 VB—CB-+1 0.039989
VB—CB+5 0.116447
VB—CB+6 0.825739
S, 3.027 VB—CB+1 0.005687
VB—CB+5 0.880071
VB—CB+6 0.108933
Sg 3.098 VB-4—(CB+5 0.001178
VB-2—CB+1 0.433164
VB-2—(CB-+4 0.001515
VB-1—-CB 0.074667
VB—CB+2 0.015658
VB—CB+3 0.001502
VB—CB+7 0.451683
VB—CB+8 0.017764

Table 2. Chemical shielding and electric field gradient (EFG)

tensors at the symmetry unique atoms in 2D polyguanidine.

Shielding tensor EFG tensor
Atom ”isoa (ppm) AP (ppm) nc CQd (MHz) g
C —123.66 —303.95 0.05 —0.1312 0.00
N —3535 —414.82 033 —5.9120 071
H —130.91 —419.05 0.05 0.1376 047

ao-iso =(ox+ Oyy +02)/3.
bA = Ozz — Ojso-
n=(ox—oylA.

C

dCQ = eQV;,/h, where V; is the largest component of the diagonalised
EFG tensor, Q is the nuclear quadrupole moment, h is Plank’s constant.

enO = (Vxx - Vyy)/sz~

MOLECULARPHYSICS (&) 2427

Table 3. Young modulus (E, GPa) and Poisson ratios (v) for the
studied 2D polyguanidine.

Axis E (GPa) Poisson ratios (v)

X 62.1692 £,y 0.1696 E, —0.1468
y 62.1692 E, 0.1696 E, —0.1468
z 6ve2 £,  —0046  E, —00M6

In order to estimate mechanical stability of 2D
polyguanidine, we have calculated elastic stiffness (C;)
and compliance (S;;) constants. The calculated values are
gathered in Tables S2 and S3 in the Supporting Informa-
tion. To be mechanically stable, a solid should satisfy the
corresponding Born-Huang criteria. For the hexagonal
lattice of the Laue class 6/m one can write six indepen-
dent elastic constants [51]. But taking into account the
known Cauchy relation Ces = (C1; — Ci2)/2 the num-
ber of independent constants is reduced to five. Thus, the
studied system has the following four necessary and suffi-
cient conditions for elastic stability (Equation (3)) [51]:

:Cu > |Cial; 2G5 < Cs3 (Ciy + Cra) (3)

Cyy > 0;1/2(Cyy — Cpp) > 0.

Remarkably, all the independent elastic constants
of 2D polyguanidine conform the Born-Huang crite-
ria (Equation (3)) suggesting mechanical robustness of
the studied material. Summary of the elastic properties,
which include the Young’s moduli and Poisson ratios are
listed in Table 3. At the LDA level of theory, the mechan-
ical stability is also confirmed.

3.3. Electron transport properties and QTAIM
analysis

The density functional based tight binding method has
been applied to calculate electron transport properties of
the polyguanidine ribbon using the Slater-Koster library
‘mio’ [52]. We have built the ribbon of 26.6 A wide
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Figure 5. Plot of the electron potential field (a) and transmission
function (b) of the transport device built using the polyguanidine
ribbon.

Table 4. QTAIM properties (in a.u.) and the NICS values in the
studied 2D polyguanidine.

cP p(r) V2p(r) h,(r) NICS(0) NICS(1)
RCPT  0.01180  0.06869 000377  —46.00  —34.24
RCP2  0.00963  0.00275 0.00043 —41.83  —3434
BCP 002062  0.02676  —0.00278 - -

and 44.8 A long (Figure 5(a)). The obtained transmis-
sion spectrum is illustrated in Figure 5(b). Similar to
the graphene ribbon with zigzag chains, the studied
polyguanidine ribbon has a characteristic peak at the
Fermi level (Figure 5(b)). It divides the transmission gap,
which is rather narrow and equals to 0.46 eV.

It is known that the eigenstates of molecular projected
self-consistent Hamiltonian are related to the poles of
the Green’s function [53]. Thus, the peaks in both the
negative and positive energy regions of the transmis-
sion spectrum can be rationalised using molecular orbital
information. This should be done in further more
detailed studies.

The complete search of critical points (CPs), which are
illustrated in Figure 1, has revealed the existence of H ...H
bonding interactions (see BCPs) and two ring critical
points: formed partially (RCP1) or completely (RCP2)
by the H...H bonds. The calculated QTAIM-parameters
including electron density p(r), its Laplacian V2p(r) and
Hamiltonian kinetic energy density he(r) are listed in
Table 4. These three quantities can be used to determine
the peculiar nature of chemical bonds in this new 2D
material. If p(r) is about 0.1 a.u. and V?p(r) < 0, then the
bond is strong and formally covalent. In contrast, if p(r)
is about 0.01 a.u. and V?p(r) is positive, then the bond
corresponds to a closed-shell interaction (ionic, coordi-
nation) [54]. To distinguish the latter two bond types,
one should analyse the h.(r) quantity. The negative h.(r)

value specifies the coordination bond type and the posi-
tive one corresponds to the ionic bond [54]. Thus, as it fol-
lows from Table 4, the H ...H interactions correspond to
coordination bonds. Using the well-known Espinosa for-
mula E = 1/2v(r) [55], where v(r) is the potential energy
density obtained using the Abramov gradient expansion
(Equation (4)) [56], the H...H bonding energy is equal
t0 22.2 kJ mol L.

_ _E 242/3 5/3 i 2
v(r) = 5(371 ) p(r) 12V p(r) (4)

We should stress that the obtained H...H bonding
energy is rather high compared to the average calculated
energies of intra- and inter-molecular H...H bonding,
which are about 11-13 k] mol~! [57-59]. The complete
list of CPs is presented in Table S4 in the Supporting
Information.

Finally, we have studied aromaticity of the rings
formed upon guanidine polymerisation; the model com-
pound used in this calculation is illustrated in Figure S5
in the Supporting Information. For this purpose, we have
applied nucleus-independent chemical shift (NICS) val-
ues (Table 4). Remarkably, both the NICS(0) and NICS(1)
values are strongly negative. This means the existence
of diatropic currents and thus the aromatic character of
the discussed rings. This phenomenon requires a more
detailed analysis in further studies.

4, Conclusions

In summary, we have reported a comprehensive study of
a new 2D material based on polyguanidine. The high-
quality band structure calculations have revealed a quasi-
metal character of this material with a tiny band gap
(0.181 eV). Similar quasi-metal properties have been
recently found in 2D biphenylene-based polymer [60].
Such a small band gap provides 2D polyguanidine inter-
esting properties, which can be useful for applications
in electronics and photonics. The studied polyguani-
dine sheet is dynamically and mechanically stable; how-
ever, the mechanical robustness is moderate, which is
following from the Young modulus values. The phonon
dispersion calculations reveal that the N-H bonds have
a tendency to out-of-the plane alignment. Thus, it can
result in the existence of a close-lying non-planar struc-
ture, which is expected to have a wider intrinsic gap; this
is the issue of further studies.
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