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An Effective Approach to Achieve a Spin Gapless 
Semiconductor–Half-Metal–Metal Transition in Zigzag 
Graphene Nanoribbons: Attaching A Floating Induced 
Dipole Field via    π   –   π    Interactions
 Under fi rst-principles computations, a simple strategy is identifi ed to modu-
late the electronic and magnetic properties of zigzag graphene nanoribbons 
(zGNRs). This strategy takes advantage of the effect of the fl oating dipole 
fi eld attached to zGNRs via   π  –  π   interactions. This dipole fi eld is induced by 
the acceptor/donor functional groups, which decorate the ladder-structure 
polydiacetylene derivatives with an excellent delocalized   π  -conjugated 
backbone. By tuning the acceptor/donor groups, –C≡C– number, and 
zGNR width, greatly enriched electronic and magnetic properties, e.g., spin 
gapless semiconducting, half-metallic, and metallic behaviors, with the 
antiferromagnetic − ferromagnetic conversion can be achieved in zGNRs with 
perfect, 57-reconstructed, and partially hydrogenated edge patterns. 
  1. Introduction 

 The successful fabrication of the once assumed impossible 
material graphene – a single layer of graphite – by Novoselov 
et al. [  1  ,  2  ]  inaugurated a new era for 2D nanomaterials. [  3–8  ]  Graphene 
has unique and exceptional thermal, mechanical and electrical 
properties, [  9–16  ]  such as massless Dirac Fermion behavior, [  11  ,  12  ]  
high mobility, [  14  ,  15  ]  and the largest strength measured so far. [  16  ]  
These appealing properties naturally stimulated extensive exper-
imental and theoretical investigations on graphene-based mate-
rials, [  17–45  ]  particularly 1D graphene nanoribbons (GNRs), [  30–45  ]  
which can be realized by cutting 2D graphene. [  14  ,  43  ,  44  ]  
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 GNRs exhibit vastly different prop-
erties from graphene. [  30–46  ]  Theoretical 
studies predict that H-terminated GNRs 
with either armchair or zigzag edges have 
non-zero band-gaps, [  34–36  ]  which has been 
experimentally confi rmed. [  37  ,  38  ]  Armchair 
GNRs (aGNRs) are nonmagnetic, while 
zigzag GNRs (zGNRs) are magnetic due 
to the localized edge states, [  36  ,  39  ,  40  ]  which 
are ferromagnetically ordered at each edge 
but antiferromagnetically coupled between 
the two edges. 

 Great endeavors have been made on 
functionalizing GNRs to tune the elec-
tronic and magnetic properties of pristine 
GNRs for their applications of multi-func-
tional nanodevices. [  46–70  ]  Among others, the most intriguing 
discoveries are probably the realization of spin gapless semi-
conducting (SGS) and half-metallic behaviors in zGNRs, since 
these captivating properties make them superior candidates for 
spintronic applications. [  40  ,  56–68  ]  

 Spin gapless semiconducting (SGS) behavior was proposed by 
Wang, [  52  ,  53  ]  and has been verifi ed in doped PbPdO 2 . [  54  ,  55  ]  Such SGS 
materials could have four typical band confi gurations with either 
quadratic or linear energy-momentum dispersions, in which at 
least one of the spin channels in the valence bands touches the 
spin channels in the conduction bands at the Fermi level, or 
vice versa. However, few reports on achieving SGS in GNRs are 
available. Recently, Li et al. theoretically predicted that selective 
N-doping can realize SGS in zGNRs. [  56  ]  As another appealing 
feature, half-metallicity is the peculiar state with the coexistence 
of metallic behavior for electrons in one spin and insulating 
behavior in the other. Theoretically, Son et al. pioneered the idea 
of driving zGNRs into half-metal by applying a transverse electric 
fi eld across the width. [  40  ]  Motivated by this study, researchers pro-
posed several approaches to realize half-metallicity by chemical 
functionalizations, which can produce an internal potential dif-
ference between the zGNR edges similar to that by applying an 
external electric fi eld. [  56–67  ]  For example, Kan et al. [  57  ]  and Zeng’s 
group [  58  ]  demonstrated the edge-decoration induces half-metallic 
behavior with functional groups of NO 2 /CH 3 , SO 2 /OH, and NO 2 /
OH pairs. Moreover, B-substitution [  59  ]  and selective N-doping can 
also give rise to half-metallicity in zGNRs. [  56  ]  
1507wileyonlinelibrary.com
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     Figure  1 .     a) Structure of the double-chain ladder-like PDA derivatives. b) Optimized structure 
of  8 -NO 2 -( 1 )PDA-NH 2 . The PDA and zGNR are set parallel along the  z -axis, and they are homo-
centric. c) Top view of the structure in panel b. The PDA is displayed in ball-and-stick style, while 
the 8-zGNR is in stick style. The arrows indicate the direction of the dipole moment induced by 
PDA (from the acceptor side to the donor side). The part in the dashed line corresponds to one 
unit cell. d) Top view of spatial spin distribution of  8 -NO 2 -( 1 )PDA-NH 2  within one unit cell.  
 Different from the above in-plane/covalent modifi ca-
tions, [  40  ,  56–67  ]  another promising approach for endowing zGNRs 
the potentials of half-metallicity and possibly also spin gapless 
semiconductor for spintronic applications is by surface modifi -
cation via noncovalent interactions. [  68  ]  This approach has several 
advantages, among others, it is simple and multi-optional, and 
most importantly, almost no defects or strong structural defor-
mations may occur and the delocalized   π  -conjugation in zGNRs 
is nearly undisrupted. A noteworthy report by Lee et al. [  68  ]  is 
that adsorbing multiple ferroelectric poly(vinylidene fl uoride) 
(PVDF) polymers can realize half-metallicity in zGNRs. Besides 
inducing half-metallicity, [  68  ]  surface modifi cation is expected to 
tailor the band-gaps of zGNRs, [  69  ,  70  ]  although the SGSs have 
not been reported yet. For example, Alexas and coworkers pro-
posed that the adsorption of the   π  -conjugated polymer PmPV 
can slightly decrease/increase the band-gaps of zGNRs/aGNRs 
through the   π  –  π   interaction. [  70  ]  

 Inspired by these studies, in this work, we proposed a new 
strategy to modulate the electronic and magnetic properties 
of zGNRs by the fl oating induced dipole fi eld attached to the 
nanoribbons via simple   π  –  π   interactions. This dipole fi eld is 
induced by the acceptor/donor functional groups which are 
decorating ladder-structure polydiacetylene (PDA) derivatives. 
In this structure, the two chains of PDA derivatives, serving as 
an excellent delocalized   π  -conjugated backbone, are functional-
ized by regularly arranged electron-acceptor and donor groups, 
respectively, which are linked with the versatile –C≡C– bonds 
( Figure    1  a). The electron transfer from donor to acceptor groups 
introduces dipole moments, which can be further enhanced by 
elongating the –C≡C– chains (Figure  1 c). It is expected that 
this type of fl oating dipole fi eld induced by PDA derivatives 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
can produce potential differences between 
the edges of zGNRs and drive zGNRs into 
half-metal, even provide other appealing 
electronic features, e.g., spin gapless semi-
conductor, by changing the –C≡C– number 
of the PDA bridges. Note that PDA and its 
–C≡C– bridged ladder-structure derivatives 
have been synthesized experimentally, [  71–75  ]  
and a PDA layer adhered on the graphene 
surface has been fabricated recently as a 
bimorph actuator with compelling advantages 
to the traditional electromechanical actuation 
technology, [  76  ]  and the electronic couplings of 
PDA nanowires on graphite have also been 
experimentally studied. [  77–79  ]  Moreover, the 
NO 2 /NH 2  decorated ladder-structure PDA 
derivatives linked with one –C≡C– bond were 
predicted to exhibit signifi cantly enhanced 
nonlinear optical (NLO) responses due to the 
excellent   π  -conjugated delocalization of the 
PDA backbone. [  80  ]   

 Here, we perform comprehensive density 
functional theory (DFT) computations to 
investigate the electronic and magnetic prop-
erties of the joint systems of zGNR and the 
decorated PDA derivatives, emphasizing the 
effects of different pairs of acceptor/donor 
groups, number of –C≡C– bonds in the PDA 
derivatives and the zGNR width, even the existence of edge 
57-reconstruction in zGNRs. Our studies revealed that depos-
iting the decorated PDA derivatives on perfect H-terminated 
zGNRs renders the joint systems the transition of SGS–half-
metal–metal, accompanied by the magnetic conversion from 
AFM to FM. Even with the existence of 57-reconstruction at 
the zGNR edges, abundant electronic and magnetic transitions 
of AFM SGS–FM half-metal–AFM metal–NM metal can also 
be observed in the joint systems. Moreover, through partially 
hydrogenating zGNRs at the 57-reconstructed edges, the effect 
of the edge reconstruction can be eliminated, and more fasci-
natingly, the electronic and magnetic properties of the joint sys-
tems based on edge-reconstructed wide zGNRs can be generally 
recovered to those of the corresponding joint systems with per-
fect narrow H-terminated zGNRs representing the remaining 
pristine zGNRs inside. 

 These provide immensely valuable insights for facilitating 
the spintronic applications and effectively modulating the elec-
tronic and magnetic properties of zGNR-based nanomaterials 
with the unitary PDA derivative polymer.  

  2. Results and Discussion 

  2.1. Geometries, Electronic and Magnetic Properties of Joint 
Systems of Perfect H-Terminated zGNRs and Decorated 
PDA Derivatives 

 In this section, we examine the effects of different acceptor/
donor groups and linker lengths in the decorated PDA deriva-
nheim Adv. Funct. Mater. 2013, 23, 1507–1518
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   Table  1.     The relative energies (meV) of different magnetic couplings to 
the ground state per unit, formation energies (meV) per unit and the 
corresponding electronic properties of the ground states of the joint 
systems of  8 -acceptor-( 1 )PDA-donor (acceptor/donor  =  NO 2 /NH 2 , F/H, 
Cl/H, and CN/CH 3 ). NM, FM, and AFM here represent the nonmag-
netic, ferromagnetic, and antiferromagnetic spin couplings, respectively. 

System NM 
[meV] 

FM 
[meV] 

AFM 
[meV] 

 E  f  
[meV] 

Electronic 
property

 8 -NO 2 -( 1 )PDA-NH 2 98.0 16.4 0.0  − 815.5 half-metal

 8 -F-( 1 )PDA-H 124.8 1.6 0.0  − 559.9 metal

 8 -Cl-( 1 )PDA-H 128.0 2.5 0.0  − 583.8 metal

 8 -CN-( 1 )PDA-CH 3 115.4 0.0 9.6  − 775.2 metal

     Figure  2 .     Equilibrium geometries, band structures and DOSs of pristine 8
systems of 8-zGNR and PDA derivatives decorated with four different ac
The blue and red plots denote the spin-up ( ↑ ) and spin-down ( ↓ ) channels
tures, respectively. The Fermi level is set as zero and marked with a green d
zooms on the region around Fermi-level in the band structure and DOS o

Adv. Funct. Mater. 2013, 23, 1507–1518
tives and the width of H-terminated zGNR with smooth edges. 
The joint system of zGNR and the decorated PDA is named 
as  n -acceptor-( m )PDA-donor, where  n  is the width of zGNR, 
 m  and acceptor/donor denote the number of –C≡C– bonds in 
the linking bridge and the pair of edge functional groups in the 
PDA derivatives, respectively. We will begin from 8-zGNR as 
an example, and then go to study perfect zGNRs with different 
widths. 

  2.1.1. 8-Acceptor-(1)PDA-Donor 

 First, we investigated the joint system of  8 -NO 2 -( 1 )PDA-NH 2  
(Figure  1 b), in which the two PDA chains are decorated by the 
mbH & Co. KGaA, Wein

-zGNR and the joint 
ceptor/donor pairs. 
 for the band struc-
ashed line. c,d) The 

f (b).  
NO 2 /NH 2  groups and linked by one –C≡C– 
bond, and the 8-zGNR serves as the sup-
porting system. To obtain the ground state of 
 8 -NO 2 -( 1 )PDA-NH 2 , we considered three spin 
confi gurations, namely nonmagnetic (NM), 
ferromagnetic (FM), and antiferromagnetic 
(AFM). Our computations showed that AFM 
is the ground state (energetically more favo-
rable than NM and FM by 98.0 and 16.4 meV, 
respectively;  Table    1  ), and the corresponding 
equilibrium distance between the planes 
of 8-zGNR and NO 2 -(1)PDA-NH 2  is about 
3.23 Å. To obtain further insight into the 
magnetism of  8 -NO 2 -( 1 )PDA-NH 2 , we com-
puted the corresponding spin density dis-
tribution (Figure  1 d), which reveals that 
the unpaired spin mainly concentrates on 
the edge C atoms of 8-zGNR. These edge C 
atoms of zGNRs should be responsible for 
the magnetic behavior of the joint systems.  

 Interestingly,  8 -NO 2 -( 1 )PDA-NH 2  exhibits 
a typical half-metallic behavior, i.e., the 
energy level in the spin-up channel crosses 
the Fermi-level, while the energy levels in the 
spin-down channel do not ( Figure    2  b).  

 To understand the origin of the half-metallic 
band structure, we plotted the total density 
of states (TDOS) and local density of states 
(LDOS) of  8 -NO 2 -( 1 )PDA-NH 2 . Obviously, the 
state crossing the Fermi-level arises from the 
edge carbon atoms of 8-zGNR, mainly from 
those at the NO 2  side (Figure  2 d). Clearly, 
the NO 2 /NH 2  decoration breaks the twofold 
degenerated fl at bands of the edge states in 
the perfect 8-zGNR around the  Γ  point, and 
the top valence band in the spin-up channel 
is shifted across the Fermi-level (Figure  2 a,b), 
which results in half-metallicity. 

 Naturally, we wondered whether PDAs 
decorated by other different acceptor/donor 
groups could also lead to the similar elec-
tronic and magnetic behaviors in 8-zGNR, 
such as half-metallicity. Thus, we selected 
three other acceptor/donor pairs, namely 
F/H, Cl/H, and CN/CH 3 , as typical examples 
to address this issue. 
1509wileyonlinelibrary.comheim
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   Table  2.     The relative energies (meV) of different magnetic couplings to 
the ground state per unit, formation energies (meV) per unit and the 
corresponding electronic properties of the joint systems of  n -NO 2 -( 1 )
PDA-NH 2  ( n   =  4, 8, 10, 12, 14). 

System NM 
[meV] 

FM 
[meV] 

AFM 
[meV] 

 E  f  
[meV] 

Electronic 
property

 4 -NO 2 -( 1 )PDA-NH 2 51.0 0.0 8.6  − 627.3 metal

 8 -NO 2 -( 1 )PDA-NH 2 98.0 16.4 0.0  − 815.5 half-metal

 10 -NO 2 -( 1 )PDA-NH 2 125.1 10.3 0.0  − 890.5 SGS

 12 -NO 2 -( 1 )PDA-NH 2 146.0 5.1 0.0  − 851.0 SGS

 14 -NO 2 -( 1 )PDA-NH 2 138.5 3.8 0.0  − 876.7 SGS

     Figure  3 .     Equilibrium geometries, band structures and DOSs of  n -NO 2 -( 1
8, 10, 12, 14). The blue and red plots denote the spin-up ( ↑ ) and spin-d
for the band structures, respectively. The Fermi level is set as zero and m
dashed line.  
 Our computations found that the ground states for  8 -F-( 1 )
PDA-H and  8 -Cl-( 1 )PDA-H are AFM, while that for  8 -CN-( 1 )
PDA-CH 3  is FM, and the corresponding equilibrium distances 
between the planes of 8-zGNR and PDA derivatives are about 
3.22, 3.24, and 3.28 Å, respectively. Different from the half-
metallicity of  8 -NO 2 -( 1 )PDA-NH 2 , all these three joint systems, 
 8 -F-( 1 )PDA-H,  8 -Cl-( 1 )PDA-H and  8 -CN-( 1 )PDA-CH 3 , exhibit 
metallic behavior, and their DOSs reveal that the metallic behav-
iors originate from both the edge carbon atoms in 8-zGNR and 
the PDA derivatives (Figure  2 e–g). 

 Evidently, decorating the PDAs by different acceptor/donor 
groups can effectively modulate the electronic property of 
8-zGNR: the semiconducting 8-zGNR has been transformed 
into half-metal by decorating NO 2 /NH 2 , and into metal when 
F/H, Cl/H, and CN/CH 3  are used to functionalize PDAs. Note 
that several methods have been proposed to realize half-metal-
mbH & Co. KGaA, Wein

 )PDA-NH 2  ( n   =  4, 
own ( ↓ ) channels 

arked with a green 
licity in zGNRs, such as by applying external 
electric fi eld, [  40  ]  edge functionalization [  57  ,  58  ,  60  ]  
and substitution of designated carbon 
atoms. [  56  ,  59  ]  Depositing the PDA derivative 
decorated by NO 2 /NH 2  is a new and simple 
way to achieve half-metallicity through the 
induced dipole fi eld via   π  –  π   interactions. 

 Due to the unique ability of the NO 2 /NH 2  
functionalization to transfer 8-zGNR into 
half-metal, we will focus on this PDA func-
tionalization in the remaining sections of 
this work. It is very likely that the electronic 
and magnetic properties of the joint systems 
of zGNR and NO 2 -PDA-NH 2  can be tuned by 
modulating the zGNR width and the number 
of –C≡C– bonds in the linking bridge of 
NO 2 -PDA-NH 2 . Thus, in the next section, we 
will mainly examine these effects, especially 
whether the half-metallicity will be main-
tained, how the electronic and magnetic prop-
erties of the joint systems will be affected, 
e.g., inducing some appealing properties like 
SGS, as narrowing/widening the widths of 
zGNR or increasing the –C≡C– number.  

  2.1.2. n-NO 2 -(m)PDA-NH 2  

 We investigated the joint systems of  n -NO 2 -
( m )PDA-NH 2  ( n   =  4, 10, 12, 14;  m   =  1, 2, 3) 
to examine the effects of zGNR widths and 
–C≡C– number in the linking bridge of NO 2 -
PDA-NH 2  on the electronic and magnetic 
properties of the joint systems. 

 Firstly, we studied the systems of  n -NO 2 -( 1 )
PDA-NH 2  ( n   =  4, 10, 12, 14) with one –C≡C– 
bond as the linking bridge in NO 2 -PDA-NH 2 . 
As illustrated in  Table    2   and  Figure    3  , when 
the width  n  of zGNR is narrowed from 8 to 
4, the corresponding electronic behavior 
is transformed from half-metal into metal, 
accompanied by the magnetic conversion 
from AFM to FM. The computed DOS 
reveals that the degenerated edge states in the 
heim Adv. Funct. Mater. 2013, 23, 1507–1518
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     Figure  4 .     Equilibrium geometries, band structures and DOSs of  n -NO 2 -( m )
PDA-NH 2  ( n   =  8, 10, 12, 14;  m   =  1, 2, 3). The blue and red plots denote the 
spin-up ( ↑ ) and spin-down ( ↓ ) channels for the band structures, respec-
tively. The Fermi level is set as zero and marked with a green dashed line.  
pristine semiconducting 4-zGNR are broken by NO 2 -(1)PDA-
NH 2 , and the according energy levels from both the spin-up 
and the spin-down channels are driven across the Fermi-level, 
resulting in the metallic behavior contributed by both the edge 
carbon atoms of 4-zGNR and the NO 2 -(1)PDA-NH 2  (Figure  3 a).   

 On the contrary, when 8-zGNR is elongated to 10-zGNR, 
the corresponding half-metallic behavior of the joint system is 
changed into spin gapless semiconducting feature (Figure  3 c), 
while preserving the AFM magnetism. As further increasing 
the width  n  of zGNR into 12 and 14, the AFM state and SGS 
behavior are sustained in  12 -NO 2 -( 1 )PDA-NH 2  (Figure  3 d) and 
 14 -NO 2 -( 1 )PDA-NH 2  (Figure  3 e). In all of these three semicon-
ducting systems, the degenerated edge states of the pristine 
zGNRs are broken when NO 2 -(1)PDA-NH 2  is deposited, with 
both the top valence band from the up-spin edge state of the 
corresponding zGNR and the bottom conduction band from 
the impurity state of PDA touching the Fermi-level, which 
results in the SGS behaviors, as illustrated in the three com-
puted DOSs (Figure  3 ). 

 Remarkably, the deposition of NO 2 -PDA-NH 2  with one 
–C≡C– bond as the linking bridge on zGNR has rendered abun-
dant transformations of the electronic and magnetic properties 
in the corresponding joint systems: as increasing the width  n  of 
semiconducting zGNRs, the transition of metal–half-metal–spin 
gapless semiconductor is observed in  n -NO 2 -( 1 )PDA-NH 2  ( n   =  
4, 8, 10, 12, 14), along with the magnetic conversion from FM 
to AFM. This can be attributed to the fact that the effect of the 
induced dipole fi eld by NO 2 -(1)PDA-NH 2  decays as increasing 
the width  n  of the zGNR. 

 Considering the effect of the induced dipole fi eld, we natu-
rally intend to investigate the effect of the –C≡C– number on the 
electronic and magnetic properties of the joint systems, since 
the more –C≡C– bonds, the more delocalized   π  -conjugation 
and the stronger induced dipole fi eld. Subsequently, we inves-
tigated the joint systems of  n -NO 2 -( 2 )PDA-NH 2  ( n   =  8, 10, 
12, 14), in which NO 2 -PDA-NH 2  has two –C≡C– bonds as the 
linking bridge. 

 As increasing the –C≡C– number from one to two (strength-
ening the induced dipole fi eld),  8 -NO 2 -( 2 )PDA-NH 2  sustains the 
AFM and half-metallic behavior. However, different from  8 -NO 2 -
( 1 )PDA-NH 2 , the computed DOS shows that the half-metallicity 
in  8 -NO 2 -( 2 )PDA-NH 2  arises from both the edge carbon atoms 
of 8-zGNR and NO 2 -(2)PDA-NH 2  ( Figure    4  b). When the width  n  
of zGNR is increased into 10, the corresponding electronic fea-
ture of the joint systems is driven from SGS ( 10 -NO 2 -( 1 )PDA-
NH 2 ) into half-metal ( 10 -NO 2 -( 2 )PDA-NH 2 ) while remaining in 
the AFM ground state. The DOS analysis reveals that the half-
metallicity is mainly contributed by the edge carbon atoms in 
10-zGNR at the NO 2  side (Figure  4 e). As the zGNR is further 
elongated into 12-zGNR and 14-zGNR, the joint systems pre-
serve SGS character with AFM state in  12 -NO 2 -( 2 )PDA-NH 2  
and  14 -NO 2 -( 2 )PDA-NH 2  (Figure  4 h,k). Both DOSs reveal that 
the SGSs originate from the edge carbon atoms in zGNRs at 
the NO 2  side and the impurity state of PDA.  

 When the –C≡C– number in the linking bridges is further 
increased into three, the induced dipole fi eld in NO 2 -(3)PDA-
NH 2  gets even more strengthened. Consequently, the cor-
responding electronic feature of the joint systems is driven 
from the half-metallic  8 -NO 2 -( 2 )PDA-NH 2  into metallic 
1511wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2013, 23, 1507–1518
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     Figure  5 .     The effects of zGNR width and –C≡C– number in the linking 
bridge on the electronic and magnetic behaviors of the joint systems 
 n -NO 2 -( m )PDA-NH 2  ( n   =  4, 8, 10, 12, 14;  m   =  1, 2, 3).  
 8 -NO 2 -( 3 )PDA-NH 2 , with the magnetic conversion from AFM 
to FM state. The computed DOS shows that the metallicity 
originates from both the edge carbon atoms of 8-zGNR and 
NO 2 -(3)PDA-NH 2  (Figure  4 c). A similar transition from AFM 
half-metal to FM metal is also observed for the wider 10-zGNR, 
with the same origination of the metallicity of  10 -NO 2 -( 3 )
PDA-NH 2  (Figure  4 f). When the width  n  of zGNR is further 
increased into 12 and 14, the  12 -NO 2 -( 3 )PDA-NH 2  and  14 -NO 2 -
( 3 )PDA-NH 2  are directly transformed into metal (Figures  4 i,l), 
and  12 -NO 2 -( 3 )PDA-NH 2  converts from AFM to FM while  14 -
NO 2 -( 3 )PDA-NH 2  maintains AFM. The respective DOSs show 
that the edge carbon atoms of 12-zGNR and NO 2 -(3)PDA-NH 2  
contribute to the metallicity of  12 -NO 2 -( 3 )PDA-NH 2 ; differ-
ently, the metallicity of  14 -NO 2 -( 3 )PDA-NH 2  originates from 
the edge carbon atoms of 14-zGNR at the NO 2  side and the 
impurity state of PDA. 

   Figure 5   summarizes the electronic and magnetic behav-
iors of the joint systems  n -NO 2 -( m )PDA-NH 2  that vary with the 
zGNR widths and the –C≡C– number in the linking bridge. 
Comparing with the pristine semiconducting zGNRs with 
smooth edges, evidently, by changing the width  n  of zGNR or 
altering the number  m  of –C≡C– bonds in the linking bridge, 
we can achieve the abundant electronic transformation of spin 
gapless semiconductor–half-metal–metal and the magnetic con-
version of AFM and FM state in  n -NO 2 -( m )PDA-NH 2 .  

 In retrospect to previous studies, several strategies have 
been proposed to achieve the appealing features of half-metal-
licity and spin gapless semiconductor in zGNRs, but their 
realization still remains greatly challenging. For example, by 
applying transverse electric fi eld, [  40  ]  an onset electric fi eld of 
stronger than 0.168 V Å  − 1  is required to drive 8-zGNR half-
metallic, which is not easy to realize under ordinary experi-
mental conditions. [  68  ]  Moreover, through edge-decoration [  57  ,  58  ]  
and selective atom-substitution [  56  ,  59  ] , zGNRs can be rendered 
SGS or half-metal, but the prerequisite to fi ne-control the loca-
tion of the functional groups or designated atoms would also 
be harsh. [  46  ,  68  ]  

 Comparatively, surface modifi cation is simple, and zGNRs 
as the supporting system essentially preserve the electronic and 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
geometric integrity with no remarkable destruction. Notably, 
Lee et al. [  68  ]  predicted that weakly binding the multiple aligned 
PVDF polymers to the surface of zGNRs would be able to 
drive zGNRs half-metallic, due to the effect of the dipole fi eld 
induced through the  σ -charge transfer from H side to the F 
side in PVDFs; however, multiple PVDFs have to be used to 
generate a dipole fi eld strong enough, since a single PVDF can 
just slightly narrow the band-gap of zGNRs. 

 Our proposition also belongs to the family of surface modi-
fi cation, but has several unique advantages. First, this strategy 
renders much stronger induced dipole fi eld, consequently, the 
unitary acceptor/donor decorating PDA derivative can achieve 
half-metallicity in zGNRs without the aid of external elec-
tric fi eld. This is because in our systems the dipole moments 
are introduced via the electron-transfer from the donor to the 
acceptor groups through the excellent delocalized   π  -conjugated 
backbone of the PDA derivatives, where the   π  -electrons have 
much better mobility. Second, strong   π  –  π   interactions exist 
between the PDA derivative and zGNR (see Section 2.3), which 
is advantageous for experimental realization. Third, besides 
half-metallicity, another superior feature, namely spin gapless 
semiconductor, can also be realized in zGNRs, even the prolifi c 
electronic transition of spin gapless semiconductor–half-metal–
metal with the magnetic conversion from AFM to FM state can 
be achieved. This is the fi rst report on realizing the abundant 
transitions of the electronic and magnetic behaviors in zGNRs 
by means of the surface modifi cation strategy based on the 
fl oating induced dipole moment.  

   2.2. The Electronic and Magnetic Properties of the Joint Systems 
of NO 2 -(1)PDA-NH 2  and zGNR with 57-Reconstructed Edges 

 All of the above joint systems under study focused on the 
zGNRs with H-termination, which serves as a popular passiva-
tion to saturate the edge dangling bonds of the unpassivated 
zGNRs. Such H-terminated zGNRs with smooth edges have 
been extensively employed as models to study functionalized 
zGNRs, [  40  ,  56–70  ]  e.g., applying transverse electric fi eld across 
zGNRs width, [  40  ]  substituting designated C atoms with B/N 
atoms, [  56  ,  59  ]  or noncovalently physisorbing multiple PVDFs 
chains [  68  ] /NH 3 (CH) 6 CO 2  molecule [  69  ]  on zGNRs to tailor the 
band-gap, even to induce the intriguing half-metallic or SGS 
behaviors. 

 On the other hand, the bare zigzag edges of zGNRs may 
not be smooth, especially they are vulnerable to the deforma-
tion of 57-reconstruction, as observed experimentally. [  81–83  ]  
Not surprisingly, theoretical efforts have been tempted on the 
edge 57-reconstruction in zGNRs, and revealed that formation 
of the 57-reconstruction at the edge(s) can signifi cantly affect 
the electronic and magnetic behaviors of zGNRs. [  49–51  ,  84–87  ]  
For example, Kunstmann et al. revealed that zGNRs with 
both fully 57-reconstructed edges exhibit metallic behavior 
with nonmagnetic state, regardless of the edges unpassivated 
or H-terminated, [  51  ]  while Sudipta et al. found that a line of 
57-reconstructions along one edge of H-terminated zGNRs can 
suppress the edge magnetism and induce metallic behavior. [  49  ]  
Thus, we decided to investigate the effect of 57-reconstruction 
on the zGNRs edges. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1507–1518
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  2.2.1. The Joint Systems of NO 2 -(1)PDA-NH 2  and Unpassivated/
H-Terminated zGNRs with 57-Reconstructed Edge(s) 

 Several important questions rise naturally when the edge 
57 reconstructions occur: how will such reconstructions affect 
the electronic and magnetic properties of the joint systems 
of PDA and zGNRs? Can the appealing features, e.g., half-
metallicity and SGS, survive in the joint systems containing the 
zGNRs with 57-reconstructed edge(s)? 

 In this work, we took 14-zGNR as an example, and consid-
ered four typical patterns of 57-reconstruction at the zGNR 
edge(s) in the joint systems, namely, intervallic perfect hexagon 
pair and pentagon-heptagon pair (denoted by “ i ”) at single edge 
and both edges, and full 57-reconstruction (denoted by “ f ”) at 
single edge and both edges. The corresponding joint systems 
are labeled as - 14 -zGNR- i 57S, - 14 -zGNR- i 57D, - 14 -zGNR- f 57S, 
and - 14 -zGNR- f 57D, respectively, where  14  and 57 represent 
© 2013 WILEY-VCH Verlag G

     Figure  6 .     Equilibrium geometries, band structures and DOSs of the joint sys
single/both edge(s) partially/continuously 57-reconstructed. The blue and 
polarized band structures in (a–c,e–g). The Fermi level is set as zero and m
in (a,b) are zoomed in to make them clearer. The parts in the blue dotted l

Adv. Funct. Mater. 2013, 23, 1507–1518
ribbon width and 57-reconstruction, and S and D mean single 
and both edge(s), respectively. Here, edge 57-reconstructed 
14-zGNRs with both unpassivated and H-terminated edges are 
considered, and they are differentiated by marking with the 
labels of “ e b” and “ e H”, respectively. Moreover, perfect H-termi-
nated zGNRs are referred to as “H- N  z -zGNR”, where  N  z  is the 
ribbon width. Note that the PDA employed in the joint systems 
based on the zGNRs with edge 57-reconstruction is the NO 2 /
NH 2  decorated ladder-structure PDA with one –C≡C– bond as 
the linkers (NO 2 -(1)PDA-NH 2 ). 

 Our computational results are exciting: similar to the cor-
responding joint structure based on H- 14 -zGNR with smooth 
edges, the AFM SGS feature can be observed in  e b- 14 -zGNR-
 i 57D where intervallic 57-reconstructions occur at both edges 
of bare 14-zGNR ( Figure    6  b); when intervallic 57-reconstruc-
tion merely occurs at single edge of bare 14-zGNR, the SGS 
behavior of the joint system can be converted to the intriguing 
1513wileyonlinelibrary.commbH & Co. KGaA, Weinheim

tems of NO 2 -(1)PDA-NH 2  and unpassivated/H-terminated 14-zGNRs with 
red plots denote the spin-up ( ↑ ) and spin-down ( ↓ ) channels for the spin-
arked with a green dashed line. The band behaviors about the Fermi-level 
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half-metallicity in  e b- 14 -zGNR- i 57S (Figure  6 a), accompanied 
by the magnetic conversion from AFM to FM. The respective 
computed DOS results reveal that the SGS arises from the C 
atoms at both edges of bare 14-zGNR and the impurity state of 
PDA (Figure  6 b), whereas the half-metallic behavior is mainly 
contributed by the C atoms at the edge of bare 14-zGNR at the 
NO 2  side of PDA (Figure  6 a). Further, when single/both edge(s) 
of the bare 14-zGNR are fully 57-reconstructed (Figure  6 c,d), 
the joint systems can be driven into metal with AFM/NM state, 
respectively. It is the C atoms at the edge of bare 14-zGNR at 
the NO 2  side of PDA that contribute to the metallicity of  e b- 14 -
zGNR- f 57S, whereas that of  e b- 14 -zGNR- f 57D originates from 
the C atoms at both edges, as shown in their computed DOSs 
( Figure   6 c,d). Obviously, abundant electronic and magnetic 
transitions of AFM SGS–FM half-metal–AFM metal–NM metal 
can be obtained in the joint systems of NO 2 -(1)PDA-NH 2  and 
bare 14-zGNRs with 57-reconstructed edge(s).  

 In order to make more detailed comparisons, we further 
investigated the corresponding joint systems of NO 2 -(1)PDA-
NH 2  and H-terminated 14-zGNRs with these four types of edge 
reconstruction, which can be viewed as the structural analogues 
of H-terminated 14-zGNR with smooth edges. We found that 
H-termination at the zGNR edge(s) with intervallic 57-recon-
structions can lead to the transformation from the half-metal-
licity and SGS of both parallel unpassivated-joint-systems ( e b-
 14 -zGNR- i 57S and  e b- 14 -zGNR- i 57D) into metal with AFM and 
FM states, respectively (Figure  6 e,f). In contrast, with single/
both edge(s) fully 57-reconstructed, the corresponding joint 
systems are still metallic with AFM/NM state, similar to the 
cases with their correlative bare zGNRs with 57-reconstruction 
(Figure  6 g,h). The computed DOSs reveal that all of the metallic 
behaviors in these four joint systems of PDA and H-terminated 
14-zGNR with edge(s) 57-reconstructed are mainly contributed 
by the C atoms at both edges of 14-zGNRs and PDA. Clearly, for 
the H-terminated 14-zGNRs with edge(s) 57-reconstructed, all 
of four joint systems are driven metallic unanimously, different 
from the AFM SGS behavior of the related analogue based on 
H-terminated 14-zGNR with smooth edges. 

 Finally, comparing these eight joint systems of PDA and 
unpassivated/H-terminated 14-zGNRs with edge(s) 57-recon-
structed, we can observe that continuous 57-reconstruction 
at the edge(s) impacts the electronic and magnetic properties 
of the joint systems more prominently, even resulting in the 
disappearance of the magnetism in the fully reconstructed 
edge(s), in contrast to the remnant of magnetism with partial 
reconstruction.  

  2.2.2. The Joint Systems of NO 2 -(1)PDA-NH 2  and Partially 
Hydrogenated zGNRs at the 57-Reconstructed Edge(s) 

 As we know, 57-reconstruction at the edge(s) can signifi -
cantly impact the electronic and magnetic properties of 
zGNRs. [  49–51  ,  84–87  ]  However, Xiang et al.’s fascinating work [  48  ]  
revealed that partially hydrogenating wider zGNRs at not only 
smooth but also reconstructed edges can render similar elec-
tronic and magnetic properties to the corresponding perfect 
narrow H-terminated zGNR that represents the remaining 
zGNR inside, thus is an effective and very promising approach 
to realize “narrow” GNRs with smooth edges. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
 Motivated by this interesting fi nding, we wonder whether 
the electronic and magnetic features of the joint systems of 
PDA and edge-reconstructed zGNRs can be recovered by par-
tially hydrogenating zGNRs at the reconstructed edges. Thus, 
we investigated the effect of partial hydrogenation at the recon-
structed edges on the corresponding electronic and magnetic 
characteristics, and in particular, examined whether the elec-
tronic and magnetic features of the joint systems with the edge-
reconstructed zGNRs can be recovered to those of the joint 
systems with perfect narrow H-terminated zGNRs through this 
hydrogenation pattern. 

 We selected the continuous 57-reconstruction at the zGNR 
edges as typical examples since it has drastical impacts on the 
electronic and magnetic properties of the joint systems, even 
can completely eliminate the magnetism of the joint systems 
based on zGNRs with both edges fully 57-reconstructed. 

 Here we investigated the joint systems of NO 2 -(1)PDA-NH 2  
and partially hydrogenated (denoted by “ p H”) zGNRs at both 
the fully 57-reconstructed edges,  p H- N  z -zGNR- f 57D, with series 
of widths ( N  z   =  12, 14, 16, even 18). As illustrated in  Figure    7  a, 
 p H- 12 -zGNR- f 57D exhibits typical half-metallic behavior with 
AFM state, similar to the joint system of NO 2 -(1)PDA-NH 2  and 
the corresponding narrow H- 8 -zGNR with smooth edges, as 
discussed above. This indicates that partial hydrogenation can 
eliminate the effect of the edge reconstruction, and further, 
recover the electronic and magnetic features of the joint system 
with edge 57-reconstructed zGNR to those of the joint system 
with the corresponding narrow perfect H-terminated zGNR.  

 When the ribbon width is increased to 14, although the 
AFM half-metallic characteristic is sustained in  p H- 14 -zGNR-
 f 57D (Figure  7 b), the profi le of the band structure is also much 
similar to that of the corresponding joint system of NO 2 -(1)
PDA-NH 2  and the correlative narrow H- 10 -zGNR. With further 
widening the zGNR into 16-zGNR, even 18-zGNR, the half-
metallic feature of the joint system is transformed into SGS 
in  p H- 16 -zGNR- f 57D and  p H- 18 -zGNR- f 57D due to the spatial 
decay of the induced dipole fi eld, as illustrated in Figure  7 c,d, 
whereas the AFM state is kept, analogous to the corresponding 
joint systems with their correlative narrow H- 12 -zGNR and 
H- 14 -zGNR, respectively. According to the computed DOSs of 
these four joint systems, the half-metallic behaviors in  p H- 12 -
zGNR- f 57D and  p H- 14 -zGNR- f 57D mainly arise from the edge 
C atoms of the remaining perfect zGNR inside the partially 
hydrogenated zGNR at the NO 2  side of PDA, whereas it is the 
edge state of the edge C atoms of the remaining pristine zGNR 
inside and the impurity state of PDA that contribute to the SGS 
features of  p H- 16 -zGNR- f 57D and  p H- 18 -zGNR- f 57D, similar 
to the cases of the corresponding joint systems with the correla-
tive narrow perfect zGNRs. This also supports the similarities 
of the electronic and magnetic properties between the joint sys-
tems based on partially hydrogenated zGNRs with both edges 
fully 57-reconstructed and on perfect H-terminated zGNRs. 

 Notably, partially hydrogenating zGNRs at the edges can elim-
inate the effect of the edge reconstruction, and further, generally 
recover the electronic and magnetic properties of the joint sys-
tems of PDA and wider zGNRs with both edges fully 57-recon-
structed to those of the joint systems based on the corresponding 
narrow perfect zGNRs, resulting in the similar intriguing trend 
of half-metal–SGS and the preserved AFM state. 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1507–1518
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     Figure  7 .     Equilibrium geometries, band structures and DOSs of the joint systems of NO 2 -(1)PDA-NH 2  and partially hydrogenated zGNRs at both fully 
57-reconstructed edges with series of widths ( N  z   =  12, 14, 16, 18). The blue and red plots denote the spin-up ( ↑ ) and spin-down ( ↓ ) channels for the 
band structures, respectively. The Fermi level is set as zero and marked with a green dashed line. The band behaviors about the Fermi-level are zoomed 
in to make them clearer. The parts in the blue dotted line correspond to one unit cell.  

   Table  3.     The relative energies (meV) of different magnetic couplings to 
the ground state per unit, formation energies (meV) per unit, and cor-
responding electronic properties of the joint systems of  n -NO 2 -( m )PDA-
NH 2  ( n   =  8, 10, 12, 14;  m   =  1, 2, 3), respectively. 

System NM 
[meV] 

FM 
[meV] 

AFM 
[meV] 

 E  f  
[meV] 

Electronic 
property

 8 -NO 2 -( 1 )PDA-NH 2 98.0 16.4 0.0  − 815.5 half-metal

 8 -NO 2 -( 2 )PDA-NH 2 93.6 9.9 0.0  − 953.4 half-metal

 8 -NO 2 -( 3 )PDA-NH 2 97.1 0.0 6.0  − 989.7 metal

 10 -NO 2 -( 1 )PDA-NH 2 125.1 10.3 0.0  − 890.5 SGS

 10 -NO 2 -( 2 )PDA-NH 2 117.2 7.5 0.0  − 941.1 half-metal

 10 -NO 2 -( 3 )PDA-NH 2 126.2 0.0 5.5  − 1090.7 metal

 12 -NO 2 -( 1 )PDA-NH 2 146.0 5.1 0.0  − 851.0 SGS

 12 -NO 2 -( 2 )PDA-NH 2 128.4 4.2 0.0  − 979.0 SGS

 12 -NO 2 -( 3 )PDA-NH 2 127.5 0.0 18.0  − 1090.5 metal

 14 -NO 2 -( 1 )PDA-NH 2 138.5 3.8 0.0  − 876.7 SGS

 14 -NO 2 -( 2 )PDA-NH 2 129.6 2.7 0.0  − 943.3 SGS

 14 -NO 2 -(3)PDA-NH 2 134.6 1.7 0.0  − 1093.8 metal
 Clearly, partially hydrogenating zGNRs at the 57-recon-
structed edges can serve as an effective approach to retain the 
intriguing half-metallic and SGS behaviors, as well as the elec-
tronic and magnetic property transitions in the joint systems 
of PDA and zGNRs with 57-reconstructed edges, thus is a very 
promising strategy for promoting more practical applications 
of zGNRs in the multi-functional and spintronic nanodevices.  

   2.3. The Stabilities of the Joint Systems Constructed 
by Depositing the PDA Derivatives on zGNRs 

 To examine the feasibility of experimental implementation, we 
computed the formation energies of the joint systems under 
study (  Tables  1 ,  2 ,   3   and   4  ). All these systems have negative for-
mation energies, indicating that they are exothermic by depos-
iting PDA derivatives on zGNRs with perfect, 57-reconstructed, 
and partially hydrogenated edge patterns, so they can be ener-
getically favorable at common experimental conditions. Note 
that in the sampled joint systems  n -NO 2 -( m )PDA-NH 2 , the for-
mation energy decreases with increasing the –C≡C– number in 
the PDA derivatives. Such enhanced stability can be attributed 
to the more –C≡C– bonds, the more delocalized   π  -conjugation, 
and the stronger   π  –  π   interactions between PDA and zGNR, 
although the   π  –  π   interaction is different from those in the 
stacked hexagonal graphenes/benzenes layers. This is quite 
advantageous for experimental realization of the systems with 
more –C≡C– bonds in linking bridges.   

    3. Conclusions 

 We have presented a new strategy, namely through the fl oating 
induced dipole fi eld attached to zGNRs via   π  –  π   interactions, 
to effectively modulate the electronic and magnetic properties 
of zGNRs by means of DFT computations. This dipole fi eld 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1507–1518
is induced by the acceptor/donor functional groups bridging 
ladder-structure polydiacetylene (PDA) derivatives with an 
excellent delocalized   π  -conjugated backbone. 

 Excitingly, a series of intriguing transitions of the elec-
tronic and magnetic features have been observed in the joint 
structures with the decorated PDA derivatives depositing on 
zGNRs with perfect, 57-reconstructed, and partially hydro-
genated edge patterns. 1) The semiconducting H-terminated 
8-zGNR can be driven into half-metal or metal with PDA 
derivatives decorated by several pairs of typical acceptor/
donor groups (NO 2 /NH 2 , F/H, Cl/H, or CN/CH 3 ). Further, 
the transition of spin gapless semiconductor (SGS)–half-
metal–metal and the magnetic conversion from AFM to FM 
1515wileyonlinelibrary.combH & Co. KGaA, Weinheim
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   Table  4.     The ground states, formation energies (meV) per unit and cor-
responding electronic properties of the joint systems based on bare 
14-zGNR with four typical patterns of 57-reconstruction; H-terminated 
14-zGNR with four typical patterns of 57-reconstruction; partially hydro-
genated zGNRs at both fully 57-reconstructed edges with series of 
widths ( N  z   =  12, 14, 16, 18). 

System Ground state  E  f  [meV] Electronic 
property

 e b- 14 -zGNR- i 57S FM  − 917.6 half-metal

 e b- 14 -zGNR- i 57D AFM  − 912.6 SGS

 e b- 14 -zGNR- f 57S AFM  − 883.2 metal

 e b- 14 -zGNR- f 57D NM  − 878.9 metal

 e H- 14 -zGNR- i 57S AFM  − 907.3 metal

 e H- 14 -zGNR- i 57D FM  − 909.6 metal

 e H- 14 -zGNR- f 57S AFM  − 874.4 metal

 e H- 14 -zGNR- f 57D NM  − 889.3 metal

 p H- 12 -zGNR- f 57D AFM  − 825.4 half-metal

 8 -NO 2 -( 1 )PDA-NH 2 AFM  − 815.5 half-metal

 p H- 14 -zGNR- f 57D AFM  − 897.3 half-metal

 10 -NO 2 -( 1 )PDA-NH 2 AFM  − 890.5 SGS

 p H- 16 -zGNR- f 57D AFM  − 855.0 SGS

 12 -NO 2 -( 1 )PDA-NH 2 AFM  − 851.0 SGS

 p H- 18 -zGNR- f 57D AFM  − 847.5 SGS

 14 -NO 2 -( 1 )PDA-NH 2 AFM  − 876.7 SGS
can be endowed by narrowing/widening the width of zGNR or 
increasing the number of –C≡C– bonds in the linking bridge 
of the NO 2 /NH 2  decorating PDA derivatives. 2) When the 
edge 57-reconstructions occur, abundant electronic and mag-
netic transitions of AFM SGS–FM half-metal–AFM metal–
NM metal can also be achieved in the joint systems. 3) Par-
tially hydrogenating zGNRs at the 57-reconstructed edges is 
an effective and promising approach to eliminate the effect 
of the edge reconstruction, and to generally recover the elec-
tronic and magnetic properties of the joint systems based on 
the edge-reconstructed zGNRs to those of the corresponding 
joint structures with perfect narrow H-terminated zGNRs. A 
similar intriguing trend of half-metallicity–SGS can also be 
achieved in the partially hydrogenated joint systems based on 
wider edge-reconstructed zGNRs. 

 Our concepts provide simple and effective approaches for 
experimentally realizing not only half-metallicity and spin gap-
less semiconductor but also the abundant electronic and mag-
netic transitions in the zGNR-based nanostructures. Note that 
all of the joint systems investigated in this work are energeti-
cally favorable. We are highly anticipating that these fascinating 
fi ndings would further advance the theoretical design and the 
experimental actualization of zGNR-based multi-functional and 
spintronic nanodevices in the very near future.  
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
  4. Computational Methods 

 The generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof exchange-correlation functional [  88  ]  (including a 
semiempirical van der Waals (vdW) correction to account for the 
dispersion interactions) [  89  ,  90  ]  and a 400 eV cutoff for the plane-
wave basis set were used to perform all the density-functional 
theory (DFT) computations within the frame of Vienna ab initio 
simulation package (VASP). [  91–94  ]  The projector-augmented plane 
wave (PAW) [  95  ,  96  ]  was used to describe the electron-ion interac-
tions. Vacuum spaces of wider than 15 Å were adopted along the 
nonperiodical directions to ensure that the spurious interactions 
between the images in the repeated supercells are negligible. 
1  ×  1  ×  10 Monkhorst-Pack grid  k -points were employed for 
geometric optimization, and the convergence threshold was set 
as 10  − 4  eV in energy and 10  − 3  eV Å  − 1  in force. To further investi-
gate the electronic behaviors, 21 uniform  k -points were utilized 
for sampling the 1D Brillouin zone. For evaluating the stability 
of the joint systems, the following equation was defi ned to esti-
mate the formation energies ( E  f ):

 E f = EzGNR + PDA − (EzGNR + EPDA)   (1)   

where  E  zGNR + PDA ,  E  zGNR , and  E  PDA  are the total energies of 
the joint systems, zGNRs and the decorated PDA derivatives, 
respectively. According to this defi nition, negative forma-
tion energies indicate the exothermic (energetically favorable) 
process for depositing PDA derivatives on zGNRs. Note that 
for the joint systems of PDA and zGNRs with edges partially 
57-reconstructed, in which the size of the supercells is twice as 
large as that of others, the corresponding formation energies 
are divided by two for comparison.
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