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Achieving high conductance and dual charge carriers in molecular junctions is essential for developing logical build-
ing blocks in molecular electronics. In this study, we investigated the electrical transport properties of nitrogen-containing
heterocyclic molecule (N3C)-anchored single-molecule junctions using the nonequilibrium Green’s function based on den-
sity functional theory. Our findings reveal that dehydrogenation is an effective strategy for achieving two charge-carrier
polarities and improving conductance. In particular, dehydrogenation changed the N3C anchor from an electron-rich to
an electron-deficient state, reversing the direction of charge transfer and that of the associated interfacial dipole. Conse-
quently, electrons were replaced by holes as the primary charge carriers. Additionally, the number of removed hydrogen
atoms critically governs the charge-transport behavior of molecular junctions. When the anchor groups were connected by
conjugated molecular bridges, p-type and n-type molecular junctions were produced by removing three and four hydrogen
atoms, respectively, significantly increasing junction conductance in both cases. These findings demonstrate that nitrogen-
containing heterocyclic molecules are promising anchor groups for achieving two charge-carrier polarities and enhancing

conductance through dehydrogenation.

Keywords: molecular electronics, single-molecule devices, charge carrier polarity, dehydrogenation
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1. Introduction

In recent years, single-molecule electronics has at-
tracted significant attention for their potential to develop
both traditional and novel functional components within
physical scale limitations.['~!?) Numerous high-performance
single-molecule functional components, including transis-
tors, switches, energy-storage devices, and thermoelectric de-
vices, have been designed and fabricated.!'*->21 Complemen-
tary metal-oxide—semiconductor transistors, the cornerstone
of contemporary information technology, are fabricated using
silicon-based p- and n-type transistors. A critical challenge
is the development of a single-molecule electronic component
with both p- and n-type junctions. In general, a p-type junc-
tion, with holes as the primary charge carriers, is formed when
occupied molecular orbitals act as transport channels. In con-
trast, an n-type junction, with electrons as the primary charge
carriers, is formed when empty molecular orbitals serve as
transport channels. The transport channel is determined by
the molecular orbital nearest to the Fermi level (Ef).

Electrodes, core molecules, and interfaces are crucial
components of molecular junctions. Experimental and theo-
retical studies have demonstrated that these components reg-
ulate the polarity of charge carriers to create n- and p-type
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junctions. The majority charge carriers in N-heterocyclic
carbene-based junctions shifted from electrons to holes when
Pt electrodes were used instead of Au.!??! Increasing the
number of oligothiophene units also changed the charge-

(241 Furthermore, the charge-carrier polarity

carrier polarity.
systematically shifted from holes to electrons when a fam-
ily of pentamers designed to improve the electron affin-
ity of fixed-length oligothiophenes was used.> In addi-
tion, a force-modulated cyclopropane ring reversibly and re-
peatedly changed from open to closed states, resulting in
ambipolarity in the charge carriers.[?®! Pyridine- and thiol-
terminated molecules, commonly used as linkers to Au elec-
trodes, have been shown to form n- and p-type junctions,
respectively.[>7-3>1 Ambipolar charge transport has also been
achieved by modifying the interfacial conformation through
variations in the number of covalent bonds attached to the
graphene electrodes.[®! Although these approaches effec-
tively regulate the charge-carrier polarity, they considerably
alter the structure of molecular junctions, increasing the com-
plexity of their applications. In contrast, a recently devel-
oped method involving in situ dehydrogenation can reverse
the polarity of the charge carrier while inducing only mini-

mal structural changes to the molecular junctions. In the orig-
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inal report of this method, dehydrogenation improved the low-
bias conductance and changed the polarity of charge carriers
in imidazole-linked molecular junctions.?”) Tn addition, we
recently discovered that dehydrogenation of azaindole-based
molecular junctions switched the polarity of charge carriers
and significantly enhanced the conductance by achieving res-
onance transmission at Eg.[38] However, the scope of its ap-
plication is limited by the extremely low conductance before
dehydrogenation and the significant conductance difference
following dehydrogenation. Achieving considerable conduc-
tance in n- and p-type junctions requires extensive research to
determine the effect of dehydrogenation on the transmission
properties of molecular junctions.

In this study, we examined the transport properties
of nitrogen-containing heterocyclic molecule N3CgHs5(N3C)-
anchored single-molecule junctions using the density func-
tional theory (DFT)-based nonequilibrium Green’s function
method. We systematically investigated the influence of step-
wise hydrogen abstraction on the electronic transport proper-
ties of N3C-anchored single-molecule junctions. This study
aims to provide a mechanistic understanding of interfacial
electronic interactions in response to chemical modifications
and to establish a controllable framework for engineering
high-performance molecular junctions.

2. Calculation method

In this study, Atomistix ToolKit (ATK) software was used
to calculate electronic structures and optimize molecules and
molecular junctions. ATK is a powerful platform for imple-
menting DFT calculations.*~**! Troullier—Martins pseudopo-
tentials were used to define the atomic cores, and a finite-
range numerical orbital basis set was used to expand the va-
lence electron orbitals.[*~*8] In this study, elements, includ-
ing C, H, N, S, F, and Au, built into molecules and molec-
ular junctions were described using the double-zeta plus po-
larization basis set. The exchange—correlation functional was
the generalized gradient approximation devised by Perdew,
Burke, and Ernzerhof.!*>°1 The cutoff energy for drawing
real-space grids was 400.0 Ry. The geometry was optimized
using the conventional conjugate gradient method until the
residual forces were reduced to less than 0.02 eV/A.

The transport properties of the molecular junctions were
calculated using ATK by implementing the nonequilibrium
Green’s function method based on DFT.'=34! The supercell
included adatomic Au surfaces and Au(111) atomic layers ar-
ranged in a (4 x 4) plane. The pseudopotentials, basis set, and
exchange—correlation functional were identical to those used
in the above DFT calculations. Periodic boundary conditions
were used to simulate infinite electrodes on the plane trans-
verse to the transport direction. The electronic density was
calculated using Green’s function, which was evaluated using
eight points along a line in the complex plane, 30 energy points
along a semicircle, and eight poles for the Fermi function at

300 K. The transmission coefficient (7'(E)) of the molecular
junctions was calculated as follows: %!

_ 1
10)35):74

T(E) / Te{li 6 GR 1o GR'] dk,

2DBZ
where o represents the spin, £2;ppz indicates the area of the
two-dimensional (2D) Brillouin zone, I 1 s represents the in-
terfacial coupling, and GR (GR') signifies the retarded (ad-
vanced) Green’s function.

3. Results and discussion

Models for a family of molecular junctions were con-
structed using N3C as the anchoring group to connect the elec-
trodes. Figure 1(a) illustrates the chemical structures with var-
ious bridge groups, denoted as N3C1-N3C3. The terminal
C atom of the five-membered ring of N3C is bonded to the
Au adatom on the Au surface to create molecular junctions.
Figure 1(b) illustrates the optimal molecular junctions utiliz-
ing N3C1 before (top panel) and after (lower panel) dehydro-
genation. In the optimized atomic structures, the yellow, gray,
blue, and white spheres represent gold, carbon, nitrogen, and
hydrogen atoms, respectively. Au—-N3C1(N3C1dH)-Au rep-
resents the situation before (after) dehydrogenation. The opti-
mized Au—C bond lengths of the two junctions in Fig. 1(b) are
nearly identical, measuring 2.02 A and 2.04 A, respectively,
suggesting that the interfacial contact between Au and C re-
mains constant, regardless of the dehydrogenation state. The
N3C2 and N3C3 molecular junctions exhibit comparable re-
sults with Au—C bonds of almost identical length (see Fig. S1
in the supporting information).

Au—N3CldH—Au

Fig. 1. Chemical structures of nitrogen-containing heterocyclic molecule
N3CgHs5(N3C)-anchored molecules N3C1-N3C3 (a). Optimized atomic
structures of Au—N3C1(dH)-Au (b).
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Notably, the bond lengths associated with the terminal C
atom change from approximately 1.37 A and 1.37 A before
dehydrogenation to 1.39 A and 1.32 A following dehydro-
genation, whereas the other bond length remains unchanged
(see Fig. S2). The interfacial electronic structure, a critical
factor in regulating charge carrier polarity, is significantly de-
pendent on the modified bond length, as shown in previous
studies. 3738361 Therefore, investigating the effect of dehydro-
genation on the primary charge carriers is essential.

The transmission spectra of Au—-N3Cn(N3CndH)Au (n =
1, 2, and 3) were calculated (Fig. 2). To analyze the charge
carrier type, the frontier molecular orbitals (FMOs) of iso-
lated N3Cn, the transmission eigenchannel at Er, and molec-
ular projected self-consistent Hamiltonian states (MPSHs) of
the molecular junctions were studied (Fig. 2). Dehydrogena-
tion causes an upward shift in the FMOs of N3Cl1, chang-
ing HOMO-2, HOMO-1, HOMO, and LUMO to HOMO-
1, HOMO, LUMO, and LUMO+1, respectively.
the conductance orbitals nearest the Er of the electrode in

However,

the molecular junctions are FMOs with superior delocaliza-
tion characteristics: HOMO-2 and LUMO before dehydro-
genation, and HOMO-1 and LUMO+1 after dehydrogena-
tion. This behavior could be attributed to the 7-bridged elec-
tronic states in these delocalized FMOs, which enhance cou-
pling between the interfacial anchors. In contrast, the in-
teractions between the left and right anchors are weak in

HOMO-1 and HOMO of N3C1 and HOMO and LUMO of

N3C1dH owing to the absence of electronic state distribu-
When bonded to the electrodes,
molecules with stronger interfacial coupling tend to form sta-
ble junctions.’7->81 Analysis of the FMOs and MPSHs reveals
that HOMO-2 and LUMO dominate two prominent transmis-
sion peaks at —2.62 eV and 0.12 eV, respectively, in Au—
N3C1-Au. The LUMO tail dominates T'(E) at Er (T (ER)),

suggesting that this junction is n-type (with electrons as the

tion between the anchors.

primary charge carriers). This finding is further supported
by the comparable morphology of the LUMO of isolated
N3Cl, the eigenchannel at Ep, and the MPSHs. The T (Ep)
is 5.63 x 1072 (Table 1), which is proportional to the conduc-
tance in the linear response approximation.>> After dehydro-
genation, the T(E) spectra of the Au-N3C1dH-Au molecu-
lar junction move upward, resulting in a peak at —0.12 eV
dominated by HOMO-1 and a peak at 2.74 eV dominated by
LUMO-+1. HOMO-1 is closer to Ef, and its tail contributes to
T(Ep). The primary charge carriers switch to holes, forming
a p-type junction, as further verified by the transport channel
at Ep, which is identical to that of HOMO-1. The T (Eg) of
Au-N3C1dH-Au decreases to 8.77 x 1073

interfacial interaction (indicated by a narrower peak width),

owing to a weaker

although the principal transmission peaks before and after de-
hydrogenation exhibit a similar energy separation of 0.12 eV
to Er. Therefore, the charge carriers switch from electrons to
holes upon dehydrogenation.

(a) P (b) (©
e e
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| |
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Fig. 2. Molecular orbitals of isolated N3C1 (a), N3C2 (b), and N3C3 (c) with equilibrium transmission spectra, MPSHs, and eigenchannels at Er obtained

for Au-N3C1-3(dH)-Au.
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Table 1. Transmission coefficient at Ef, charge transfer amount between electrodes and molecules, and interfacial dipoles calculated at the left and right

molecule—electrode interfaces for Au—-N3C1-3(dH)-Au.

Junction Au-N3Cl1-Au Au-N3Cl1dH-Au Au-N3C2-Au Au-N3C2dH-Au Au-N3C3-Au Au-M3C3dH-Au
T(EF) 5.63x1072 8.77x1073 6.65x1072 2.25x1072 8.31x1073 1.48x1076
Qle” -0.43 0.40 —0.41 0.39 —0.46 0.42
/D 2.56 -3.81 2.51 -2.89 3.29 -2.99
ur/D 2.63 -3.80 2.58 -2.94 3.36 -3.06

In contrast to N3C1, the morphologies of the FMOs
of N3C2 are unaffected by dehydrogenation. However, in
Au-N3C2-Au, HOMO-2 dominates the transmission peak at
—2.53 eV, and the LUMO dominates the peak at 0.1 eV. There-
fore, the primary charge carriers are electrons because the
LUMO dominates the T (Ep), as confirmed by the identical
morphology of the LUMO and the eigenchannel at Eg. Fol-
lowing dehydrogenation, the origin of the two transmission
peaks nearest Ep is identical to that observed before dehy-
drogenation. However, the T'(E) spectra shift upward, bring-
ing the HOMO-2-dominated transmission peak closer to Ef
(—0.1 eV) than the LUMO-dominated peak (2.63 eV). Con-
sequently, holes become the primary charge carriers, as indi-
cated by the similar morphology between HOMO-2 and the
eigenchannel at Er (Fig. 2(b)). The change in the T (Erp) ow-
ing to dehydrogenation is relatively small, decreasing from
6.65 x 1072 to 2.25 x 1072, Achieving similar T'(E) values
at both junctions may produce a practical p—n junction.

Unlike N3C2, dehydrogenation of N3C3 has a substan-
tial impact on its electrical structure, where the HOMO and
HOMO-1 levels undergo significant changes (Fig. 2(c)). Fol-
lowing electrode attachment, the HOMO-2 and LUMO of
the isolated N3C3 become the molecular orbitals closest to
Er. Following dehydrogenation, neither the HOMO nor
LUMO change after electrode attachment. Moreover, in Au—
N3C3-Au, the LUMO dominates the T (Er), whereas in Au—
N3C3dH-Au, the HOMO is dominant. This finding was fur-
ther corroborated by the eigenchannel at Er for both molecular
junctions, which indicates that electrons and holes are the pri-
mary charge carriers in Au—-N3C3—Au and Au-N3C3dH-Au,
respectively. The T(Eg) values are extremely small, 8.31 x
107> for Au-N3C3-Au and 1.48 x 107® for Au-N3C3dH-
Au. This reduction in T(E) is attributed to the alkyl bridge,
which reduces the contact between the two anchoring groups
and shifts the transmission peak away from Eg. Fig. S3 dis-
plays the computed densities of states (DOS), which are asso-
ciated with the transmission spectra. The discovered transmis-
sion peaks were the result of specific electrical states. Notably,
dehydrogenation changes the polarity of the charge carriers for
all studied molecular junctions. The primary charge carriers
shift from electrons to holes, as shown by the change in the
conducting orbital from the LUMO to the HOMO (HOMO-1
and HOMO-2). Consequently, N3C may be used as an anchor
in molecular electronics to regulate charge-carrier polarity.

In molecular junctions, the interface is a crucial factor that
influences transport properties. As key components of the in-
terface, anchor groups may affect interfacial coupling by con-
trolling interfacial charge transfer, which can shift and broaden
the molecular level. The physical mechanism underlying the
shift in the charge-carrier polarity induced by dehydrogena-
tion was evaluated by charge-transfer analysis. The molec-
ular junction was divided into three sections: the molecular
core, both electrodes, and the complete junction. The plane-
averaged electron density difference (§p) among the three sec-
tions was calculated as follows:

0p = Pc — Pm — Pe,

where P, pm, and p. are the electron densities of the com-
plete junction, molecular core, and electrodes, respectively.
The charge-transfer quantity (Q) is defined as follows:

Q:./Spdz.

The 8p along the z-direction of Au-N3C1(dH)-Au was cal-
culated (Fig. 3). The Jp before and after dehydrogenation is
represented by the blue and red lines, respectively. In molec-
ular junctions, a zone with §p larger than zero indicates that
electrons have been acquired, whereas a zone with §p smaller
than zero indicates that electrons have been lost. Significant
variations in §p were observed near the contact, with notice-
able peaks and dips. Specifically, the peaks show the majority
of electrons being accumulated, while the dips show the ma-
jority of electrons being lost. Consequently, in Au—-N3C1-Au,
the electrons move from the molecule to the electrodes (de-
noted by a negative sign), whereas in Au—-N3C1dH-Au, the
reverse trend is observed (denoted by a positive sign), giv-
ing charge-transfer numbers of approximately —0.43 and 0.40,
The
molecular junctions constructed using N3C2 and N3C3 rep-
resented the same scenario. Au-N3C2-Au (Au-N3C3-Au)
junctions exhibit molecule-to-electrode charge transfer with

respectively. The values are summarized in Table 1.

charge-transfer numbers of —0.41 (—0.46), which changes to
electrode-to-molecule charge transfer upon dehydrogenation
with charge-transfer numbers of 0.39 (0.42) for Au—-N3C2dH—-
Au (Au-N3C3dH-Au), as shown in Figs. S4 and S5 and Ta-
ble 1. Overall, dehydrogenated N3C (N3CdH) acts as an elec-
tron acceptor, accepting electrons from the electrodes, whereas
the N3C anchors act as electron donors, transferring electrons

077301-4
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to the electrodes. Dehydrogenation functions as a switch,
changing an electron-rich state to an electron-deficient state,
which can raise the molecular levels, as confirmed by Hou
et al.’7! Consequently, the conductance orbital below Ef is
closer to Ep than that above EF, indicating that the charge car-
riers are converted from electrons to holes.

Furthermore, the interfacial dipoles affect the molecular
level. In general, interfacial dipoles pointing toward the elec-
trodes facilitate HOMO occupancy, whereas those pointing in
the opposite direction support LUMO occupation. To validate
the previous results, the local dipole at the interface (P) is cal-
culated as follows:

c
P:/ —zx dpdz,
0

where z is the coordinate relative to the coordinate of the
Au adatom (point 0), and C is the midpoint between the left
and right adatom Au atoms, which serves as the approximate
molecular center. Both interfacial dipoles are directed toward
molecules, with strengths of 2.56 D and 2.63 D, demonstrat-
ing an asymmetric junction before dehydrogenation for Au-
N3C1-Au (Fig. 3(a)).

()05 Au—N3C1-Au (b) 05 Au} N3C1dH[ Au
=

o~

L

s 0

—03g 15 30 15
z (A)
2.56 D 2.62 D 381D  3.80 D

Fig. 3. Plane-averaged electron density differences of Au-N3C1-Au (a) and
Au-N3C1dH-Au (b) and corresponding schematics of interfacial dipoles in-
duced by charge transfer.

Conversely, the interfacial dipoles of the dehydrogenated
junction in Fig. 3(b) illustrate the opposite orientation and
point to the electrodes with strengths of 3.81 D and 3.80 D.
Therefore, the reversal of the dipole direction upon dehy-
drogenation promotes HOMO occupation rather than LUMO
occupation, which confirms that dehydrogenation caused the
charge-carrier polarity to switch by affecting the interfacial
structures. A positive sign indicates an orientation toward the
molecules, whereas a negative sign indicates the opposite ori-
entation. The interfacial dipole strengths of Au—N3C2-Au
and Au-N3C3-Au are summarized in Table 1 and exhibit an
identical pattern to that of Au—N3C1-Au. Before dehydro-
genation, interfacial dipoles, with strengths of 2.51 D/2.58 D
and 3.29 D/3.36 D for Au-N3C2-Au and Au-N3C3-Au,
respectively, pointed away from the electrodes toward the
molecules, and the direction reversed upon dehydrogenation,
with strengths of —2.89 D/ —2.94 D and —2.99 D/ —3.06 D

for Au—N3C2dH-Au and Au-N3C3dH-Au, respectively (see
Figs. S4 and S5). These findings indicate that carrier exchange
occurs when the interfacial dipole moment is reversed.

To confirm that the change in charge-carrier polarity orig-
inates specifically from the dehydrogenated hydrogen atoms, a
model of Au—N3C2S—Au was built by substituting the S atom
for the unremoved hydrogen N atom in the terminal group, as
shown in the inset of Fig. 4(a). The yellow, gray, blue, bright
yellow, and white spheres represent the gold, carbon, nitrogen,
sulfur, and hydrogen atoms, respectively. The dehydrogenated
junction is denoted as Au—N3C2SdH-Au (Fig. 4(b)).

(a)  1.56 D 1.55 D (b) 3.03 D 3.08 D
e «— <222
0.4 Au—N3C2S=An - Y
=z ~
<<
Z 3
S s
—025 15 30 5 %% 15 30 15
z (A) z(A) °
10t N3C25—Au| 10! TAN—N3C2SdIT—Au
— _ |
5 8 |
= | = |
|
1079 ' 105 !
—4 -3 -2 -1 0 1 2 -2 -1 0 1 2 3 4
E—Ey (eV) E—Eyp (eV)

Fig. 4. Schematic diagram of interfacial dipoles induced by charge trans-
fer, plane-averaged electron density difference, and equilibrium transmission
spectra of Au—N3C2S-Au (a) and Au—-N3C2SdH-Au (b).

As illustrated in Figs. 4(a) and 4(b), charge transfer pri-
marily takes place at the interfaces, as seen by the apparent
peaks and valleys. Quantitatively, Au—N3C2S—Au showed a
charge-transfer number of 0.31, with electron transfer from
the molecule to the electrodes, resulting in interfacial dipoles
The dipole
strengths at the left and right interfaces are approximately
1.56 D and 1.55 D, respectively. Conversely, Au—-N3C2SdH—
Au exhibits the opposite behavior, with electrons (approxi-

pointing from the electrodes to the molecule.

mately 0.43) moving from the electrodes to the molecule, re-
sulting in interfacial dipoles pointing from the molecule to the
electrodes, with strengths of approximately 3.03 D and 3.08 D
at the left and right interfaces, respectively. According to pre-
vious results, we can infer that Au—-N3C2S—Au is an n-type
junction with electrons as the primary charge carriers, and Au—
N3C2SdH-Au is a p-type junction with holes as the primary
charge carriers. Au—-N3C2S—Au’s n-type junction is confirmed
by the transmission peak closest to Ep in the T (E) spectra be-
ing above Ef, while Au—N3C2SdH-Au’s p-type junction is
confirmed by the transmission peak closest to Er being be-
low Ef (Fig. 4). Therefore, these results confirm the validity
of the proposed mechanism, in which dehydrogenation is the
primary cause of the switching between carrier types. Further-
more, an F atom labeled by a green sphere in the optimized
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structures was substituted for the hydrogen atom at the de-
hydrogenation site. The results show that the T(E) spectra
resemble those of the junctions before dehydrogenation (see
Fig. S6). Therefore, electrons remain the primary charge car-
riers, further confirming that the polarity change of the charge
carriers originates from the dehydrogenation process.
According to previous reports, dehydrogenation en-
hanced the conductivity in addition to switching the carrier
type.37:38
tance of the molecular junctions considered in this study when

I However, dehydrogenation reduced the conduc-

N3C was used as an anchor group attached to the electrodes.
Previous research demonstrated that the number of removed
hydrogen atoms influences the junction conductance.?® The
removal of one, two, three, and four hydrogen atoms from the
terminal group was compared (see Fig. S7). Removing one
hydrogen atom did not improve the junction conductance in
any of the studied systems; however, removing three or four
hydrogen atoms significantly increases the junction conduc-
tance. The T(E) spectra of N3C1 and N3C2, in which three
(N3Cnd3H) and four (N3Cnd4H) hydrogen atoms are elimi-
nated, respectively, are shown in Fig. 5.

10! T 101
(a) ' —— N3C1d3H (b)
—— N3C1d4H \

—— N3C2d3H
—— N3C2d4H

T(E)
T(E) ‘

10-4 103

E—Er (eV)
Fig. 5. Equilibrium transmission spectra of N3C1 (a) and N3C2 (b) after
removing three (N3Cnd3H) and four (N3Cnd4H) hydrogen atoms.

Despite the high conductance of these molecular junc-
When
three hydrogen atoms were removed from N3Cl1, the peak at

tions, their conductance mechanisms were distinct.

—0.03 eV (nearest Ef) indicates that holes are the primary
charge carriers with a T(Eg) of approximately 0.53. Con-
versely, the peak at 0.03 eV is closer to Er when four hydrogen
atoms are removed (N3C1d4H), resulting in an n-type junction
with a T'(E) of approximately 0.69. N3C2 exhibits a compa-
rable scenario to the N3C1 system. The primary conductive
channel of N3C2d3H is located at —0.02 eV, resulting in a p-
type junction with a large T'(Er) of approximately 1.28. The
primary conductive channel of N3C2d4H is located at 0.06 eV,
resulting in an n-type junction with a 7'(Er) of approximately
0.29. In addition, we computed the transmission properties of
the dehydrogenated Au—N3C1dH-Au junction, as an exam-
ple, for different positions of the anchors and removed hydro-
gen atoms (see Fig. S8). The findings indicate that the T (EF)
is influenced by the dehydrogenation position. In order to re-
move three hydrogen atoms, two hydrogen atoms are removed
from one terminal group and one hydrogen atom is removed
from the other group. When a hydrogen atom located next to

the six-membered ring’s nitrogen atom is removed, T (EF) is
higher. In contrast, the charge carrier polarity is unaffected by
the dehydrogenation position. Therefore, when N3C is used
as the anchor group, carrier-polarity switching and high con-
ductance were achieved by removing different numbers of hy-
drogen atoms.

4. Conclusions

A quantum transport approach was used to investigate the
transport properties of a series of N3C-anchored molecular
junctions. The findings revealed that transmission across the
molecular junctions is considerably influenced by dehydro-
genation. In particular, dehydrogenation caused the N3C an-
chor to transition from an electron-rich to an electron-deficient
state, changing the direction of the interfacial electron transfer
from electrodes to molecules, which further reversed the inter-
facial dipolar direction. Consequently, n- and p-type molecu-
lar junctions were obtained. Furthermore, the number of hy-
drogen atoms removed from the N3C anchor influences the
intrinsic mechanism and magnitude of the conductance of the
molecular junction. In particular, when three and four hy-
drogen atoms were removed from N3C1 and N3C2, respec-
tively, the conductance is significantly enhanced. However,
the molecular junctions with three hydrogen atoms removed
(N3C1d3H and N3C2d3H) exhibited p-type behavior, with
holes as the primary charge carriers. In contrast, N3C1d4H
and N3C2d4H, with four hydrogen atoms removed, form n-
type molecular junctions with electrons as primary charge car-
riers. Dehydrogenation can switch the polarity of the charge
carriers in molecular junctions comprising N3C as an anchor.
Moreover, the conductance magnitude of the molecular junc-
tions can be increased by precisely controlling the number of
removed hydrogen atoms. These results highlight the poten-
tial of N3C for molecular electronics applications. These in-
sights demonstrate the dual modulation of the charge-carrier
type and conductance via dehydrogenation and pave the way
for future design strategies in molecular-scale transistors and
logic elements.
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