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In this study, we designed a series of new alkali metal-adsorbed graphdiyne (GDY) structures (denoted
as AMz@GDY (AM = Li, Na, K)) with an intramolecular electron donor—acceptor framework using density
functional theory calculations. It is found that the three alkali metals are energetically preferred to be
adsorbed on the three hollows of the largely delocalized n-conjugated GDY surface, while the
adsorption of alkali metals largely affects the electronic properties of the complexes, and reduces the
vertical ionization potentials. More interestingly, the doping of alkali metal atoms dramatically enhances
the static first hyperpolarizabilities (fio) of AMz@GDY, of which the Ks@GDY cluster possesses a
remarkably giant it value of ~1.61 x 10° a.u., which is enough for it to exhibit strong nonlinear optical
(NLO) behavior. These findings may provide new insights into the design of novel graphdiyne-based
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1 Introduction

It is well-known that carbon materials have attracted a lot of
attention because of their potential applications in microelectronic
fields, eg, optoelectronics,” catalysis,”® sensors,®® energy
storage,” ™ and environmental pollution,"*'* and so on. Espe-
cially, the two dimensional (2D) carbon materials with a largely
delocalized m-conjugated architecture have been widely focused
upon due to their promising physical and chemical properties, and
can be considered as possible candidates of the next-generation
optoelectronic nanodevices,’>™” after an atomically single-layer
graphene film was successfully prepared in 2004.'® Recently, there
have also been many previous theoretical and experimental studies
on the nonlinear optical (NLO) materials since the common NLO
crystals (e.g,, B-BaB,0,," LiB;0s* et al) were commercially
synthesized and applied as high-performance optoelectronic
devices. For example, Meyer et al.>* synthesized a new compound
Caz(03C3N3),, and a higher second harmonic generation (SHG)
efficiency was found for the crystal. Moreover, it is also known that
the barium borate crystal, composed of planar delocalized
n-conjugated (B;Oe)*” anions,”**® possesses excellent NLO
properties, as well as for planar (C3N;0;)°" anions,> while the
SHG response can be remarkably enhanced by a localized m-orbital
0, group.”® More interestingly, some alkali-metal fluorooxoborates,
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NLO materials and promote further potential applications in optoelectronic nanodevices.

AB,O¢F (F = K, Rb, Cs), are also reported to exhibit large SHG
responses.”® Accordingly, the molecular structures containing a
largely m-conjugated network may be designed as the fundamental
building blocks for exploring novel promising NLO materials,”” >
especially for the 2D structures, and the n-conjugation length and
electron donor-acceptor process of these species could largely
enhance the nonlinear optical properties, e.g., hybridized graphene
nanoribbons made by intercalating hexagonal boron nitride can
generate a strong third-order NLO response.’® To date, it is still
challenging for researchers to synthesize novel 2D carbon materials
with a largely n-conjugated network for basic studies and extending
their various applications.

Fortunately, a new carbon allotrope (graphdiyne, GDY, Fig. 1(a))
with sp- and sp>hybridized carbon atoms through incorporation
of diacetylenic linkages has been successfully synthesized experi-
mentally using the cross-coupling mechanism with hexaethynyl
benzene on the surface of copper.®" The structure has an ordered
regular arrangement of self-assembled 18-member ring (18MR)
hexagonal units with three large hollows in planar layers, forming
a largely delocalized n-conjugated framework, which may produce
fascinating electronic and optical properties, which are very
different from those of the graphene layer, e.g., large nonlinear
optical susceptibility,®®> high electronic conductivity and
mobility,*** extreme thermal resistance,*® etc. Moreover, it is
expected that the graphdiyne materials can be experimentally and
theoretically applied in hydrogen storage®® and purification,*
electrode materials,*>*! catalysis,"*** and optoelectronic devices, >
etc. Most intriguingly, the doping of metal atoms into GDY has
attracted great interest, as it can effectively tailor the electronic
properties of GDY. For example, a single metal-adsorbed
GDY sheet was studied using density functional theory (DFT)

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic structure of (a
the shaded region represents the 18-member ring hexagon unit, and
optimized stable structures of (b) Liz@GDY, (c) Naz@GDY, and (d)
Kz@GDY clusters. The gray, white, and colorized balls represent the C,
H, and alkali metals, respectively.

a) single-layer graphdiyne (GDY), in which

calculations,*” and it is found that the adsorption of metal atoms
not only changes the electronic structures of GDY, but also
produces excellent magnetic behaviors. Very recently, Li and
also reviewed several new methods for the synthesis
of graphdiyne, and designed a graphdiyne-supported transition-
metal catalyst for hydrogen evolution*>*® and lithium/sodium ion
batteries with high conductivity and capacity.” > Actually, it is
known that the three alkali metal atoms (Li, Na, K) can structurally
interact with the three hollows on the delocalized GDY surface,
forming the intramolecular electron donor-acceptor (D-m-A)
process due to the small ionization potentials of these alkali
metals,” which provides the possible conditions for enhancing
the NLO properties,®*® e.g., the static first hyperpolarizability.

In this paper, we attempt to perform a series of calculations for
exploring alkali metal-adsorbed graphdiyne (GDY) structures,
denoted as AM;@GDY (AM = Li, Na, K), while their electronic
properties and nonlinear optical behaviors are systematically
studied by using density functional theory calculations. More
impressively, the adsorption of alkali metal atoms remarkably
enhances the static first hyperpolarizabilities (B of the
AM;@GDY clusters, especially for K;@GDY, which possesses a
giant f value of ~1.61 x 10° a.u., and may be considered as a
promising novel graphdiyne-based NLO material.

co-worker*®

2 Computational details

All structural optimizations of the AM;@GDY (AM = Li, Na, and K)
systems are performed using the hybrid B3LYP functional,””®

This journal is © The Royal Society of Chemistry 2018
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with the 6-31+G(d) basis set as implemented in the Gaussian 09
program.”®> We have also considered the weak interaction
correction, e.g., dispersion DFT-D3,°°°> which is properly
applied for the prediction of the structural properties of systems.
In order to test the calculation method, our simulated infrared
spectrum of GDY (Fig. S1, ESIf) is compared with previous
theory,”® in which two major vibrational peaks for the C=C
stretching modes are calculated to be 2131 and 2205 cm™ ', being
consistent with the previous predictions of 2135 and 2200 cm™ %,
respectively, and thus the method is more reliable for the struc-
tural prediction of the systems. The natural charges were evaluated
to explore the charge-transfer (CT) mechanism between the alkali
metals and GDY cluster, by means of a natural population analysis
(NPA) method using the NBO 6.0 program.** The linear and
nonlinear optical properties of the systems, e.g., polarizability («)
and first hyperpolarizability (f5), were calculated by using a long-
range corrected CAM-B3LYP functional® with the all-electron
6-311++G(2d,2p) basis sets, because the method has been con-
firmed to be very reliable for the evaluation of various species,®®®°
as well as for the evaluation of the crucial excited energies (AE) and
oscillator strength ( f) within the framework of time-dependent
density functional theory (TDDFT)° at the TD-CAM-B3LYP/
6-31+G(d) level of theory. Harmonic vibrational frequencies were
employed to confirm that these structures studied here correspond
to real local minima on the potential energy surface (PES). Partial
density of states (PDOS) spectra were convoluted utilizing the
GaussSum 2.2 program’' with a fullwidth at half maximum
(FWHM) of 0.3 eV. The molecular graphs were visualized using
the VMD program.”>

The energy of a system is a function of the homogeneous
electric field, and its Taylor expansion with respect to the field
can be expressed as the following equation:"*"">

1
— ~o;FiF; —

E(F) = E® — uF; 5

1 1
gﬁg,-kaFij - ﬁyi/k/FiF}'FkF/ e
1)

where E° is the system energy in the absence of an electric field
and F; is the electric field component along the 7 direction. The g,
oz, and f; terms are the dipole moment, polarizability, and first
hyperpolarizability, respectively, of which f;; is recognized as a
second-order nonlinear optical (NLO) response coefficient.”® The
mean dipole moment (), static polarizability (o), and static first
hyperpolarizability () are defined as follows:

po = (i + iy + )" &)
O = (Oex + 0y + 03,)/3 (3)
Brot = (B + By + 1) 4)

where :Bf = (1/3) Z ([))l]] + ﬂ]]l + ﬁ]z}) l>/ = {X,y,Z}.

3 Results and discussion
3.1 Structure and chemical stability

To search the equilibrium structures, we have considered
different positions on the largely delocalized n-conjugated
GDY surface to adsorb alkali metals, and the optimized structures
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of the AM;@GDY (AM = Li, Na, and K) clusters are presented in
Fig. 1(b-d), of which the three alkali metal atoms are located at
the stable positions above three hollows on the GDY surface.
Based on our calculations, it is mentioned that the Liz;-adsorbed
GDY cluster has a distorted GDY surface whereas the other two
clusters present a planar GDY framework. The average equili-
brium AM-C bond distances of AM;@GDY (AM = Li, Na, K) are
obviously increased as the atomic number of alkali metals from
Li to K increases: 2.246 (Li) A < 2.935 (Na) A < 2.954 (K) A.
For exploring the binding stability of AM;@GDY, the bind-
ing energies (E},) are estimated using the following equation:

E, = E(GDY) + 3 x E(AM) — E(AM;@GDY), AM = Li, Na, K
(5)

where E(GDY), E(AM), and E(AM;@GDY) are the total energies
of pure GDY, alkali metals, and complexes, respectively. The
Ey, values of the AM;@GDY clusters are displayed in Fig. 2(a).
It can be found that all E}, values of the considered systems are
largely positive, indicating that these complexes are rather
stable against dissociation into the AM; moieties. In particular,
the Li;@GDY cluster has the largest Ej, value (4.52 eV) among
these complexes, and this shows that the interactions between
the Li atoms and the GDY cluster are much stronger. Meanwhile,
the strong chemisorption features can be understood by the
presence of a strong charge-transfer mechanism from the alkali
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metals to GDY, reflected by the electrostatic potential maps
(Fig. S2, ESIf). To further explore the structural stability of
these AM;@GDY complexes, the charge density differences
(CDD, Ap) were determined by using the B3LYP functional,
and are plotted in Fig. 2. As shown in Fig. 2(b-d), a great
number of electrons leave the Li; moiety, and the transferred
electrons are largely accumulated on the GDY surface of
Li;@GDY. In contrast, a few electrons are transferred for the
other two complexes, especially for Na;@GDY, which is consistent
with their relative stabilities reflected by the binding energies.

3.2 Electronic properties and charge transfer

To systematically study the electronic properties of the
AM;@GDY clusters, we plotted the total (TDOS) and partial
(PDOS) density of states for all the considered systems, which
includes the fragment contributions (AM; and GDY-C) in these
clusters, as depicted in Fig. 2(b-d). As evidenced by the diagram, it
can be seen that for all the clusters, the GDY-C fragment mainly
contributes to the occupied orbitals of TDOS, whereas the alkali
metals have a minor contribution to the occupied states. At the
same time, one can clearly observe from Fig. 2 that the electronic
features largely originate from alkali metals near the Fermi
level, which are responsible for the structural stability of these
studied clusters. More impressively, the HOMO—LUMO gaps for
AM;@GDY are predicted to be 0.81-1.19 eV, and the energy gaps
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Fig. 2 (a) The binding energy (Ey) and vertical ionization potentials (VIP) of the AMz@GDY (AM = Li, Na, and K) clusters, and the density of states (DOS) of
(b) Liz@GDY, (c) Naz@GDY, and (d) Kz@GDY. The dashed lines correspond to the HOMO orbitals, and the Fermi level is shifted to zero. The charge density
differences (CDDs, Ap = p(AMz@GDY) — p(GDY) — p(AMs)) are inserted, in which the pink and green regions represent the charge accumulation and

depletion, respectively.

7578 | J Mater. Chem. C, 2018, 6, 7576-7583

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8tc02146e

Published on 25 giugno 2018. Downloaded by Fail Open on 23/07/2025 10:10:52.

Paper

Fig. 3 HOMO (a and c¢) and LUMO (b and d) orbital plots of the Nas@GDY
cluster: (a and b) top view, (c and d) side view.

will be mostly associated with charge density redistributions of the
HOMO and LUMO, e.g., taking Na;@GDY as an example (Fig. 3),
in which the excess electrons accumulate on the Na; moieties of
the HOMO.

The NPA charges on the AM; moieties in these AM;@GDY
(AM = Li, Na, K) clusters, obtained at the B3LYP/6-31+G* level of
theory, are given in Table 1. Obviously, all NPA charges on the
alkali metals have positive values in the range of 0.209-0.686|¢|,
of which the Na atoms occupy small charges (0.209-0.387|e]).
Meanwhile, the total charges (Qir) on the AM; moieties are
0.946-1.963|e|, indicating that the electrons transfer obviously
from the AM; moieties to the GDY fragment, leading to the
intramolecular electron donor-acceptor (D-m-A) process.
Noteworthily, the NBO results also show us the strong alkalide
features of the systems, and may induce large nonlinear optical
properties. The calculated vertical ionization potentials (VIPs)
are listed in Table 1, and the AM;@GDY (AM = Li, Na, K)
clusters are predicted to have a smaller ionization potential

Table1 The calculated charges on alkali metal atoms (Qam1, Qamz, Qams),
and the total charges (Q) on the AM3z moieties, the predicted vertical
ionization potentials (VIP, in eV), dipole moment (o, in a.u.), polarizability
(00, in a.u.), first hyperpolarizability (fior, in a.u.), maximum oscillator
strength (fo, in a.u.), change in dipole moments (Ay, in a.u.), and transition
energies (AE, in eV) of crucial excited energies for the AMz@GDY (AM = Li,
Na, K) complexes

Properties GDY* Li;@GDY Na;@GDY K;@GDY
OQami1 — 0.686 0.350 0.653

Qamz — 0.639 0.209 0.641

Qams — 0.638 0.387 0.643

Qrot — 1.963 0.946 1.937

VIP — 4.85 4.50 4.51

Ho 0.00 0.84 1.62 3.32

%o 459.08 671.19 786.44 1065.49

Py — —121.14 66 020.46 —30248.82
By — 7861.59 —22155.09 —47726.76
Bs — —4794.19 —4566.14 —150973.60
Brot 0.13 9208.88 69788.24 161201.31
f 0.991 0.178 0.232 0.777 (0.315)
Au 10.75 2.186 3.444 10.650 (6.735)
AE 3.76 3.32 2.75 2.98 (1.91)

% The values were taken from ref. 77 and are calculated at the CAM-B3LYP/
6-31+G(d) level of theory.
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(4.50-4.85 eV) than that (5.389 eV) of the Li atom,>* and can
be considered as novel superalkali compounds. As shown in
Table 1, the VIP values of AM;@GDY are mainly correlated with
the alkali metal atoms, and present a decreasing tendency
in the order: Li;@GDY (4.85 eV) > Naz@GDY (4.50 eV) ~
K;@GDY (4.51 eV).

3.3 Nonlinear optical properties

Here, the static polarizability («,) and the first hyperpolariz-
ability (Ber) of the AM;@GDY (AM = Li, Na, K) clusters were
studied at the CAM-B3LYP/6-311++G(2d,2p) level of theory, in
order to explore their nonlinear optical behaviors, as shown in
Table 1. Apparently, the polarizability of pure GDY is only
459.08 a.u., but the adsorption of the AM; alkali metals on
the largely delocalized n-conjugated GDY surface can obviously
increase the o values of AM;@GDY with the increasing atomic
radii of the alkali atoms from Li to K: 671.19 a.u. < 786.44 a.u. <
1065.49 a.u. One can see from Table 1 that the static first
hyperpolarizability (f) of the pure GDY cluster is predicted to
be 0.13 a.u. in the previous report,”” indicating that the optical
properties of this cluster are very tiny. After doping the AM;
alkali metals, the f, values of the AM;@GDY (AM = Li, Na, K)
clusters are dramatically enhanced, being 9208.88, 69788.24,
and 161 201.31 a.u., respectively, and can be determined by the
alkalide features of alkali metal atoms, because the valence
electrons of alkali metal atoms are easily transferred to the GDY
framework once alkali metal atoms are interacted with GDY.
Moreover, the pfi values of the AM;@GDY clusters are
obviously larger than that (3977.40 a.u.) of the functionalized
GDY cluster substituted by a Na atom on the hexagonal ring.””
This result shows that the intramolecular charge-transfer
occurring in the D-n-A process plays an important role in
enhancing the NLO behaviors, rather than substitution on
the hexagonal ring. Noteworthily, the first hyperpolarizabilities
of the studied systems are quite enough to explore their NLO
behaviors, because these clusters exhibit particularly signifi-
cant By values induced by the AM; alkali metals, e.g., as high
as 1.61 x 10° a.u. for K;@GDY, which is comparable to those of
Li,@BN-clusters (8,0) (~1.23 x 10* a.u.),”® Li,F (~1.23 x
10* a.u.),”® NO,-HBC-NH,, (~2.67 x 10* a.u.),®® OLi;-K-LizO
(~1.94 x 10* a.u.),*’ and Na@Ge,Au (~1.31 x 10* a.u.).®?
According to our results, it is hopeful that this work may not
only predict a series of new superalkali compounds, but also
provide an effective strategy to strengthen the nonlinear optical
properties of the GDY-based carbon materials.

In order to efficiently explore the giant NLO properties,
we have evaluated the crucial electronic transitions on these
AM;@GDY clusters by TDDFT calculations, as shown in Fig. 4.
The static first hyperpolarizability from the two-level expression”*®
can be defined as follows:

Bror AL (6)
where S is proportional to the largest oscillator strength (f;) and

the difference (Au) of dipole moments between the ground state
and the crucial excited state, but inversely proportional to the third
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Fig. 4 Simulated optical absorption spectra of the (a) Liz@GDY,
(b) Naz@GDY, and (c) Ks@GDY clusters using the CAM-B3LYP method.
Their oscillator strengths are inserted.

power of transition energy (AE) of the crucial excited states. The AE,
fo, and Ap of the crucial excited states for the considered systems are
listed in Table 1, and the crucial electronic transitions are shown in
Table S1 (ESIt). To better visualize the dependences of the fi
values approximately evaluated by the two-level model and exactly
calculated by the DFT method on the alkali metals from Li to K, the
variation trends are plotted in Fig. 5(a). It is noticeable that the f
values evaluated by the two-level expression and exactly calculated
by DFT have a similar increased behavior. As for the Na;@GDY
cluster, however, the correlations of approximately evaluated and

7580 | J Mater. Chem. C, 2018, 6, 7576-7583
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polarizability (B and estimated by two-level model (Au-fo/AE®) for
AMs@GDY (AM = Li, Na, and K), and (b) the evaluated Au-fo/AE® values
versus wavelengths of electronic transitions of the Kz@GDY cluster.

exactly calculated f are slightly worse, due to the possible non-
negligible contributions of excited states, and the crucial excited
state still plays an important role in evaluating the f, value. The
crucial states with the largest f; of these AM;@GDY clusters can be
found in simulated optical absorption spectra (Fig. 4). As discussed
above, the two-level expression can be applied to explain the large
NLO properties, here we also plotted the evaluated Au.fy/AE® values
versus the wavelengths of electronic transitions of K;@GDY in order
to visualize the TDDFT results, and the two strong electronic
absorption peaks with the transition energies (2.98 and 1.91 eV)
make the dominant contributions to the f value, rather than the
other peaks, see Fig. 5(b), while the two main electronic transitions in
crucial excited states for K3@GDY are displayed for understanding
the contributions (Fig. 6). Thus, it is reasonable that the K;@GDY
cluster possesses the largest i value (~1.61 x 10° a.u.), and
the transition energies of the crucial excited states are also one
of the decisive factors for predicting the large static first
hyperpolarizability.

4 Conclusions

In summary, we have systematically investigated the structural,
electronic and nonlinear optical properties of the AM;@GDY

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8tc02146e

Published on 25 giugno 2018. Downloaded by Fail Open on 23/07/2025 10:10:52.

Paper

——LUMO+1

/
—pLUMO g

T.=14%

4%

BHOMO-1—__  @°Q
—— —L_HOMO-2 ﬁ &
4 Peeyy

Transitions I, 2.98 eV

TraLUMO+4

——pLUMO+2 /
=T, | |T.=22%

e SHOMO  —_
oHOMO

Transitions II, 1.91 eV

Fig. 6 Two main electronic transitions (I and Il) in crucial excited
states (T) for the Ks@GDY cluster, calculated using the CAM-B3LYP
method.

(AM = Li, Na, K) clusters using density functional theory
calculations. Our results show that the three alkali metal atoms
are preferred for energy to be adsorbed on the three hollows of
a largely delocalized m-conjugated GDY surface, and the
Li;@GDY cluster has the largest Ey, value (4.52 eV) among these
complexes. Obviously, the adsorptions of alkali metals affect
the electronic properties of the GDY cluster and reduce the
vertical ionization potentials, and they are considered as novel
superalkali compounds, while the electrons transfer from alkali
metal moieties to the GDY fragment to form the intramolecular
D-n-A process. Interestingly, it is predicted that the AM;@GDY
clusters have large static first hyperpolarizabilities (Biot),
especially for K;@GDY, which possesses remarkably giant foc
values up to ~1.61 x 10° a.u., and are quite enough to perform
the enhanced NLO behaviors. Moreover, the two-level expres-
sion evaluated by TDDFT calculations can be used to further
explain the large NLO properties. The present results will
inevitably stimulate future experimental and theoretical studies
of the largely n-conjugated GDY clusters by absorbing the alkali
metals to design novel graphdiyne-based nanodevices and NLO
materials.
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