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Distinct armchair and zigzag charge transport through
single polycyclic aromatics
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In aromatic systems with large π-conjugated structures, armchair and zigzag configurations can affect each ma-
terial’s electronic properties, determining their performance and generating certain quantum effects. Here, we
explore the intrinsic effect of armchair and zigzag pathways on charge transport through single hexabenzocor-
onene molecules. Theoretical calculations and systematic experimental results from static carbon-based single-
molecule junctions and dynamic scanning tunneling microscope break junctions show that charge carriers are
preferentially transported along the hexabenzocoronene armchair pathway, and thus, the corresponding
current through this pathway is approximately one order of magnitude higher than that through the zigzag
pathway. In addition, the molecule with the zigzag pathway has a smaller energy gap. In combination with
its lower off-state conductance, it shows a better field-effect performance because of its higher on-off ratio in
electrical measurements. This study on charge transport pathways offers a useful perspective for understanding
the electronic properties of π-conjugated systems and realizing high-performance molecular nanocircuits
toward practical applications.
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INTRODUCTION
In carbon nanomaterials, in which aromatic rings are the basic
structural unit, the unit configuration can affect the electronic struc-
tures and physical properties of these materials. For example, the
armchair and zigzag edges of graphene nanoribbons have a major
impact on the stability, magnetism, and energy band structure of the
materials (1, 2). In narrow armchair-edged graphene nanoribbon
with certain structural periods, quantum confinement is expected
to open substantial electronic bandgaps, thus giving the material
semiconducting properties. In contrast, a zigzag graphene nanorib-
bon of a similar width will maintain its semimetallic properties with
almost a negligible bandgap. Furthermore, the zigzag edges of gra-
phene host spin-polarized electronic edge states, which can be used
in spintronics. In addition, both the zigzag and armchair configu-
rations also have notable effects on the energy band structures of
carbon nanotubes (CNTs). CNTs with zigzag transport exhibit

metallic properties, while those with armchair transport have semi-
conducting properties. Further control of charge transport between
the zigzag and armchair directions of chiral CNTs could cause them
to have rich energy band structures. To enable better understanding
and utilization of carbon nanomaterials, it is critically important to
reveal the influence of armchair and zigzag configurations on
charge transport from the perspective of the single-molecule level.

Single-molecule junction techniques, including both dynamic
and static junctions, provide effective tools for characterization of
the charge transport properties of molecules at the single-molecule
level, thus uncovering the inherent physical properties and
quantum effects of these molecules (3–5). Specifically, on the
basis of the different conductivity properties of single molecules,
the constructive and destructive quantum interference effects that
occur during the charge transport process through the different mo-
lecular orbital energy levels have been studied widely (6–9). In ad-
dition, the phenomenon of increased conductance caused by the
superposition of multiple conductive channels has also been
deeply studied through single-molecule junction techniques
(10, 11).

Polycyclic aromatic hydrocarbons with graphene-like structures
are generally regarded as the basic building blocks for functional
carbon materials (12–14). Hexabenzocoronene (HBC) is a typical
fused-ring aromatic molecule that has a perfect discoidal structure.
Because of their unique structural and electronic properties, HBC
molecules have great potential for use in the fields of electronics
and optoelectronics (15–20). In addition, the close arrangement
of their benzene rings allows simultaneous distribution of both
armchair and zigzag structures in HBC molecules. Here, we inves-
tigate the charge transport through the armchair and zigzag trans-
port pathways of single HBC molecules using both dynamic
scanning tunneling microscope break junctions (STM-BJs) and
static graphene-molecule-graphene single-molecule junctions
(GMG-SMJs). The effects of these different transport pathways on
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the performances of single-molecule field-effect transistors are also
explored.

RESULTS AND DISCUSSION
Design of HBC molecules
Two HBCmolecules were designed with different central structures
and external sites to enable construction of armchair and zigzag
channels. The synthesis details are provided in the Supplementary
Materials (section S1 and figs. S1 to S15). These two channels pass
through the molecular center to ensure that they are the dominant
channels in each molecule. In the armchair channel HBC molecule
(ac-HBC), the charge is expected to be transported along the arm-
chair-dominated conductive channel (Fig. 1A), while the charge in
the zigzag channel HBC molecule (zc-HBC) will be transported
along the zigzag-dominated conductive channel (Fig. 1C). To in-
crease the solubility of ac-HBC and zc-HBC molecules, R1/R2

groups (where R1 is 1,3,5-trimethylbenzene and R2 is dodecyloxy)
are hung around the center of the target molecules to ensure that
these molecules can be connected successfully with the electrodes
in the subsequent solution assembly process (17). The density-of-
state distributions of the highest occupied molecular orbitals
(HOMOs) of ac-HBC and zc-HBC molecules, which are expected
to dominate charge transport, are simulated theoretically.
Obvious densities of states can be observed along the main trans-
port channels in both molecules (Fig. 1, B and D), providing a
basis for directional charge transport. Although there are other
small density-of-state distributions in the molecular framework,
their contribution to charge transport is negligible because of the
ultralow transmission probability at their corresponding positions.

The structural characteristics described above form the basis for
both armchair and zigzag charge transport through the molecules.

Conductance of armchair and zigzag channels
To study the charge transport behavior of armchair and zigzag
channels, dynamic Au-(ac-HBC)-Au and Au-(zc-HBC)-Au
single-molecule junctions (Fig. 2, A and D) were constructed
using the STM-BJ technique, which can measure the conductance
of ac-HBC and zc-HBC molecules statistically. Specifically, single-
molecule junctions were formed and broken in 1,2,4-trichloroben-
zene (TCB) solutions containing ac-HBC and zc-HBC molecules,
respectively. Repeated measurements of the conductance as a func-
tion of the tip-to-substrate displacement were performed to gener-
ate conductance versus displacement curves. Two-dimensional
(2D) conductance-displacement histograms of ac-HBC and zc-
HBC molecules under 0.1 V of bias are shown in Fig. 2 (B and E),
respectively. Typical single traces of the junctions can be seen in fig.
S16. The gray traces and fig. S17 illustrate the tunneling decay that
occurs following breakage of the gold atomic contacts in the pure
solvent, while a conductance plateau corresponding to the molecu-
lar conductance can be found in the solution containing the target
molecules. The conductivity characteristics at integer multiples of
G0 (where G0 = 2e2/h) can be observed, along with characteristics
below G0 at specific molecular values. Specific conductance peaks
for the target molecules can be determined from these 2D conduc-
tance-displacement histograms and 1D conductance histograms
(Fig. 2, B and E, and their corresponding insets, respectively). The
conductance peak for the zc-HBC molecule at ~1.8 × 10−6 G0
(≈0.14 nS) can be observed, while the conductance peak for the

Fig. 1. Molecular designs of ac-HBC and zc-HBC. (A and C) Molecular structures
of ac-HBC and zc-HBC, respectively. (B and D) Density-of-state distributions for the
HOMOs of ac-HBC and zc-HBC, respectively. The isosurface value for both spatial
charge density distributions is ~0.015 eÅ−3. Red highlights indicate the main con-
duction channels for these molecules.

Fig. 2. Charge transport of dynamic single-molecule junctions. (A andD) Sche-
matics of the Au-(ac-HBC)-Au single-molecule junction and the Au-(zc-HBC)-Au
single-molecule junction, respectively. (B and E) 2D conductance-displacement
histograms with 1D conductance histograms (insets) for ac-HBC and zc-HBC junc-
tions, respectively. The conductance values were extracted from the results of
Gaussian fitting. (C) Theoretical transmission spectra for ac-HBC and zc-HBC junc-
tions. The p-HOMOs and p-LUMOs are marked using downward and upward trian-
gles, respectively. (F) Scattering states of the p-HOMOs of ac-HBC and zc-HBC
junctions. The charge transport channels are highlighted using orange dashed
boxes, and the charge transport directions are indicated by yellow arrows.
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ac-HBCmolecule appears at ~9.8 × 10−6G0 (≈0.78 nS), which is 5.5
times higher than that of the zc-HBC molecule.

These molecular conductance performances indicate that the
charge transport through the armchair channel is more efficient
than that through the zigzag channel, which is well verified and ex-
plained by further quantum transport calculations on the two
single-molecule junctions. Figure 2C shows the calculated transmis-
sion spectra for ac-HBC and zc-HBC junctions. The perturbed
highest occupied molecular orbitals (p-HOMOs) and perturbed
lowest unoccupied molecular orbitals (p-LUMOs) are marked
using downward and upward triangles, respectively. The zc-HBC
molecule exhibits a smaller HOMO-LUMO bandgap than the ac-
HBC molecule; this is similar to the characteristics of other
carbon-based materials (21, 22). The p-HOMOs for the ac-HBC
and zc-HBC molecules are both close to the electrode Fermi level,
which means that p-HOMO dominates charge transport under
certain bias voltages. However, with regard to the transmission co-
efficients around the Fermi level, that of the ac-HBC junction is
greater than that of the zc-HBC junction, which leads to the ac-
HBC junction’s higher conductance. These results are in good ac-
cordance with the above experimental measurements that the
charge transport efficiency of the armchair channel is higher than
that of the zigzag channel. Moreover, the scattering states of p-
HOMOs for Au-(ac-HBC)-Au and Au-(zc-HBC)-Au junctions
were simulated and plotted in Fig. 2F. Distinctly, the charge migrat-
ing through the armchair channel maintains a higher transmission
probability across the entire molecular skeleton than charges
passing through the zigzag channel. This result confirms the
higher transport efficiency of the armchair channel. Further
orbital-decomposed density of state analyses demonstrated that
the overlapping pz orbitals of C atoms along the armchair direction
dominated the directional transmission characteristics. As a result,
the charge pairs with opposite phases (marked with blue and red in
Fig. 1B) are distributed along the armchair channel as the favorable
transport direction. Meanwhile, for the Au-(zc-HBC)-Au junction,
its zigzag channel deviates from the favorable charge transport di-
rection (Fig. 1D), leading to smaller conductance. The zigzag
channel can be taken as two parallel armchair channels, between
which the charge migrates through quantum tunneling, thus exhib-
iting a smaller transport efficiency. In addition, we have researched
simpler aromatic structures such as poly-p-phenylene and anthra-
cene, and theoretical calculations show that poly-p-phenylene (an-
thracene) maintains the same transport characteristics as ac-HBC
(zc-HBC) (figs. S18 and S19).

Charge transport in armchair and zigzag single-
molecule devices
To enable further study of the charge transport characteristics
through the armchair and zigzag channels, stable graphene-(ac-
HBC)-graphene [Gr-(ac-HBC)-Gr] and Gr-(zc-HBC)-Gr single-
molecule devices (Fig. 3A) were constructed using a static GMG-
SMJ technique (figs. S20 and S21). Specifically, the amino groups
on both sides of the HBC molecules are covalently bonded to gra-
phene electrodes with terminal carboxyl groups to form single-mol-
ecule junctions with high stability (23). The drain current-voltage
(ID-VD) characteristic curves were then measured, as shown in
Fig. 3 (B and C) (figs. S22 and S23). Under a bias voltage of 0.5
V, the average current of the ac-HBC device is ~81.9 nA, which is
15 times higher than the ~5.6 nA current of the zc-HBC device. The

conductance differs by an order of magnitude, which is consistent
with the results of the STM-BJ measurements. Correspondingly, the
theoretically calculated transmission spectra (Fig. 3D) show that
when compared with the transmission spectrum of the zc-HBC
device, the spectrum of the ac-HBC device shows a larger transmis-
sion coefficient near the Fermi level, which matches the experimen-
tal data well. The scattering states of the Gr-(ac-HBC)-Gr and Gr-
(zc-HBC)-Gr devices were also simulated theoretically (Fig. 3E).
Similarly, the charge transport efficiency through the armchair con-
duction channel is higher than the corresponding efficiency
through the zigzag channel.

To explore the intrinsic transport mechanism further, plots of
ln(I/V2) versus 1/V characteristics are analyzed using the Fowler-
Nordheim tunneling model (Fig. 3F and figs. S24 and S25). The
results show that the inflection point (Vtrans) for the ac-HBC
device is ~0.44 V, while that for the zc-HBC device is ~0.25
V. According to the Landauer formula and theoretical predictions,
these inflection points correspond to a certain proportion of the
conductive resonance peak tail entering the bias window (3, 24,
25). Correspondingly, the theoretically simulated transmission
spectra (Fig. 3D) show that the p-HOMOs of the ac-HBC and zc-
HBC devices are close to the Fermi level, which means that p-
HOMO is the dominant charge transport channel. The p-HOMO
energy level of zc-HBC is closer to the Fermi level than that of ac-
HBC. Therefore, under the same bias voltage, the p-HOMO of the
zc-HBC device enters the bias window first, thus leading to its
smaller transition voltage. These different energy band structures
and transmission coefficients for the armchair and zigzag channels
lay the foundation for specific design of the device functionality.

Field-effect properties of armchair and zigzag channels
Unlike traditional field-effect transistors, single-molecule field-
effect transistors (Fig. 4A) use the gate electric field to adjust the
positions of their molecular energy levels (fig. S26), thus regulating
the conductance of single molecules (26–32). When compared with
that of the armchair channel, the smaller HOMO-LUMO bandgap
of the zigzag channel is beneficial in improving the gate regulation
efficiency. Furthermore, the lower charge transfer efficiency of the
zigzag channel is expected to reduce the device’s off-state current,
thereby improving the on-off ratio of the device (33). To verify these
assumptions, the gate modulation processes of the ac-HBC and zc-
HBC single-molecule devices were simulated through theoretical
calculations. Figure 4 (B and C) shows that, when the gate voltage
VG changes from −2 to 2 V, the transmission peaks of the ac-HBC
and zc-HBC devices both move sequentially to the left along the
energy level. When VG is in the range between −2 and 0 V, the p-
HOMO is the dominant charge transport channel because it is
closer to the Fermi level. Then, as the gate voltage continues to in-
crease from 0 to 2 V, the p-LUMO becomes closer to the Fermi level
and the dominant conduction level of the molecule transitions from
the p-HOMO to the p-LUMO. This implies that ambipolar charge
transport characteristics should be shown in both ac-HBC and zc-
HBC single-molecule field-effect transistors (26). Furthermore, the
p-HOMO and the p-LUMO of zc-HBC are both closer to the Fermi
level during the gating process (Fig. 4C), which means that the cor-
responding device exhibits better gate regulation efficiency.

In the experiments, an ionic liquid gate was used to perform
single-molecule field effect regulation (fig. S27). Specifically, the
N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium
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bis(trifluoromethyl sulphonyl)imide (DEME-TFSI) ionic liquid
(fig. S28), which has similarly sized anions and cations, high stabil-
ity, and a wide chemical redox window, was selected. When the gate
voltage is applied, an electric double layer with a thickness of ~0.75
nm will form to generate a strong gate electrostatic field up to ~10
MV/cm, thus effectively modulating the molecular energy levels
(26). In addition, the ac-HBC and zc-HBC molecules both have
moderate HOMO-LUMO energy gaps (Fig. 3D), which help to
control their molecular conductive channels through gating.

Typical gate-dependent |ID|-VD characteristic curves for the Gr-
(ac-HBC)-Gr and Gr-(zc-HBC)-Gr devices are shown in Fig. 4 (D
and G), respectively. When VG varied from −2 to 2 V, |ID| initially
decreased and then increased, thus demonstrating the efficient gate
modulation of the single-molecule devices. By monitoring the
changes in ID with VG at a fixed VD, the transfer characteristic
curves of each device can be obtained to enable further evaluation
of the field-effect performance. The device transfer characteristics
over the range from VD = 0.1 to 0.5 V (Fig. 4, E and H) show ambi-
polar charge transport characteristics. The maximal on-off ratio of
the zc-HBC device is ~185, which is three times that of the ac-HBC
device with a value of ~62 and is consistent with the theoretical pre-
diction. In addition, fig. S29 shows that, in the presence of both the
electric field and the ionic liquid, with or without molecular con-
nections, the leakage current is negligible. To enable further under-
standing of the field-effect mechanism, 2D visualizations of dI/dV
plotted versus both VG and VD for the ac-HBC and zc-HBC devices
are shown in Fig. 4 (F and I), respectively. The blue and green low-
conductance regions illustrate the off-resonant transport through
the HOMO-LUMO gap, and the orange and red high-conductance

regions indicate that the conductive frontier molecular orbitals
enter the bias window through resonant transport. For both ac-
HBC and zc-HBC devices, the low conductance regions show com-
plete diamond shapes that indicate that the p-HOMO or p-LUMO
for charge transport can enter the bias window at specific gate volt-
ages. This demonstrates the ambipolar charge transport character-
istics and shows that the molecular conductance can be adjusted
effectively via gating, which is consistent with the predictions
from the theoretical simulations.

In this work, HBC molecules with different central structures
were designed specifically to create armchair and zigzag channels.
Dynamic Au-(ac/zc-HBC)-Au single-molecule junctions and stable
Gr-(ac/zc-HBC)-Gr single-molecule devices were fabricated to
study the armchair and zigzag charge transport properties at the
single-molecule and single-channel levels. Both experimental and
theoretical studies consistently showed that the armchair channel
conductance is approximately one order of magnitude higher
than that of the zigzag channel, which indicates that the armchair
channel has higher charge transfer efficiency. For field-effect appli-
cations, the lower charge transfer efficiency of the zigzag channel
means that the zc-HBC device has a lower off-state current, thus
giving the device a larger on-off ratio. In addition, the molecule
with the zigzag channel has a smaller HOMO-LUMO energy
bandgap, which also helps to improve the device’s field-effect reg-
ulation under application of a gate electric field. These studies of
armchair and zigzag charge transport provide different perspectives
for in-depth understanding of the unique structure-property rela-
tionships of these molecules, illustrating the potential of carbon
nanomaterials with polycyclic aromatic hydrocarbons for use in a

Fig. 3. Charge transport in stable single-molecule devices. (A) Schematics of a Gr-(ac-HBC)-Gr single-molecule device (top) and a Gr-(zc-HBC)-Gr single-molecule
device (bottom). (B and C) ID versus VD characteristics with error bars for ac-HBC and zc-HBC devices (mean of n = 5 technical replicates from five different single-molecule
devices; error bars indicate SD), respectively. (D) Theoretical transmission spectra for the ac-HBC and zc-HBC devices. The p-HOMOs and p-LUMOs are marked using
downward and upward triangles, respectively. (E) Scattering states for the p-HOMOs of the ac-HBC and zc-HBC devices. The charge transport channels and directions
are marked using orange dashed boxes and yellow arrows, respectively. (F) ln(I/V2) versus 1/V characteristics for the ac-HBC and zc-HBC devices. Inset: The Fowler-Nord-
heim tunneling model is used to provide a qualitative explanation of the inflection point of the curve.
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wide variety of electronic and optoelectronic device applications. At
the same time, it also provides the possibility of using carbon nano-
materials to realize device functionalizations.

MATERIALS AND METHODS
Molecular synthesis
See section S1 for detailed information.

Device fabrication and molecular connection
Scanning tunneling microscope break junction
Gold wire (99.99%, 0.25-mmdiameter) was purchased fromZhong-
Nuo Advanced Material (Beijing) Technology Co. Ltd. to fabricate
the STM-BJ tip. The gold tip was formed by electrochemical
etching. Substrates were prepared by depositing a 10-nm–thick
chromium film and a 200-nm-thick gold film on a silicon wafer.

The target molecules were dissolved in the TCB solvent to
perform further measurements.
Graphene-molecule-graphene single-molecule junction
High-quality monolayer graphene was grown on Cu foil by chem-
ical vapor deposition, the graphene was then transferred to SiO2/Si
substrates via wet transfer and patterned into ribbons by photoli-
thography, and the external metal electrodes were fabricated on
the graphene sheets by photolithography and thermal evaporation
(fig. S20). Nanogap graphene electrodes (fig. S21) with carboxylic
acid end groups were fabricated by dotted line lithography, as re-
ported previously (34). The amino groups on both sides of the
single HBC molecules are linked to the carboxyl groups at the
end of the graphene electrodes through a dehydration condensation
reaction. The specific operation involves dissolving HBC molecules
with a concentration of approximately 10−4 M in 10 ml of anhy-
drous pyridine. Then, graphene devices with nanogaps and 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (a

Fig. 4. Field-effect properties of the single-molecule devices. (A) Schematic illustration of the single-molecule device structurewith ionic liquid gating. (B and C) Gate-
dependent zero-bias transmission spectroscopy characteristics for ac-HBC– and zc-HBC–based single-molecule devices, respectively, measured over the range from −2 V
≤ VG ≤ 2 V with steps of 1 V. The p-HOMO and p-LUMO are indicated by downward and upward triangles, respectively. (D and G) |ID| versus VD characteristics of ac-HBC
and zc-HBC over the range from−2 V≤ VG ≤ 2 V with steps of 1 V. (E andH) Transfer characteristics for ac-HBC and zc-HBC over the range from VD = 0.1 to 0.5 V with steps
of 0.1 V. The insets show the VD-dependent on/off ratios. (F and I) 2D visualizations of dI/dV plotted versus VG and VD for ac-HBC and zc-HBC, respectively. Black dashed
lines represent auxiliary markers of the conductance diamond edges.
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dehydrating agent/carboxyl activator) were added to the solution.
An anhydrous oxygen-free argon atmosphere was maintained to
enable the connection between the molecules and the electrodes.
After standing for 2 days, the devices were extracted from the solu-
tion, washed with appropriate amounts of ultrapure water and
acetone to remove any residues, and finally dried with nitrogen.

Device measurements
Scanning tunneling microscope break junction
The distance between the gold tip and the substrate was controlled
using a stepper motor and a piezoelectric stack. A bias voltage was
applied between the tip and the substrate, and the current was used
as the feedback signal to control the movement of the gold tip.
During the repeated opening (tip retracting) and closing (tip ap-
proaching) cycles, the conductance versus displacement traces
were collected, and the traces from the opening cycles were used
to perform further analyses. All measurements were taken at
room temperature. The single-molecule conductance measure-
ments were performed using the Xtech STM-BJ developed by
W. Hong’s group at Xiamen University, and the data were analyzed
using the XMe open-source code (https://github.com/Pilab-XMU/
XMe_DataAnalysis).
Graphene-molecule-graphene single-molecule junction
The electrical properties of the devices were tested using the Key-
sight B1500A semiconductor characterization system in combina-
tion with the Karl Suss PM5 probe station (for the atmospheric
environment) and the Lakeshore TTPX probe station (for the
vacuum environment) at room temperature. For the current-
voltage (I-V ) measurements, the sweep interval for VD was 0.01
V per step. The DEME-TFSI ionic liquid was dropped onto the
center of each graphene-based single-molecule device using a
microsampler.

Theoretical calculations
Density functional theory (DFT) was adopted to perform the geo-
metric optimization for both the molecules and the two-probe
systems (figs. S30 and S31), which mimic the experimental molec-
ular junctions. DFT calculations were carried out using the gener-
alized gradient approximation (GGA) for the exchange-correlation
potential, the projector augmented wave method (35, 36), and a
plane-wave basis set, as implemented in the Vienna ab initio simu-
lation package (37). The energy cutoff for the plane-wave basis was
set to 500 eV for all calculations, and vacuum spaces of at least 20 Å
in thicknesses between periodic images were used. All atoms in the
supercell were allowed to relax until the residual force per atom was
lower than 0.01 eV·Å−1 for both the molecules and the two-probe
systems. For the calculation of HOMO and LUMO energy levels for
ac(zc)-HBC molecules, we adopted the B3LYP/6–311+G (d, p)
methodology implemented in the Gaussian 09 package (38). The
transport properties were calculated within the framework of DFT
combined with the nonequilibrium Green’s function (NEGF) (38)
method within the Nanodcal package (39–41). Succinctly, the
NEGF-DFT calculates the density matrix by NEGF as ρ~ ∫ dEG<,
and transmission coefficient as T = Tγ[Gγ ГL Ga ГR], where G<,γ,a

are the lesser, retarded, and advanced Green’s functions, respective-
ly, and ГL,R are the self-energies of the left (L) and right (R) leads.
Furthermore, the conductance is G = T × e2/h, where e is the elec-
tron charge and h is the Planck constant. In addition, the norm-con-
serving pseudopotential was used to describe the core electrons, and

the double-ζ polarization linear combination of atomic orbitals was
used to describe the valence electrons. The exchange correlation was
treated using the GGA_PBE96 functional. In the simulations, the z-
direction was set as the transport direction and the y-direction is
vertical to the molecule plane. A k-mesh of 1 × 50 × 1 and 12 ×
50 × 1 was used in the calculations of Au lead and graphene lead,
respectively, and a k-mesh of 1 × 1 × 1 and 12 × 1 × 1 was used in the
calculations of the Au-probed and graphene-probed devices,
respectively.

Supplementary Materials
This PDF file includes:
Sections S1 to S5
Figs. S1 to S31
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