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Furazan macrocyclic compound 3,4:7,8:11,12:15,16-tetrafurazan-1,9-dioxazo-5,13- diazocyclohexadecane (DOATF)
is an ideal energetic material with high heat of formation. Here, using scanning tunneling microscopy (STM) and non-
contact atomic force microscopy (nc-AFM), we investigated the adsorption structure of DOATF molecules on Au(111)
surface, which shows the four furanzan rings in the STM images and a bright protrusion off the center of the molecule in
the nc-AFM images. Combined with density functional theory (DFT) calculations, we confirmed that the bright feature in
the nc-AFM images is an N–O coordinate bond pointing upwards in one of the two azoxy groups; while the other N–O
bond pointing towards the Au(111) surface. Our work contributes for a deeper understanding of the adsorption structure of
macrocyclic compounds, which would promote the designing of DOATF-metal frameworks.
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1. Introduction

Furazan macrocyclic compounds, exhibiting excellent
energetic performance and good molecular stability, have
great potential in applications, such as propellants, explo-
sives and pyrotechnics.[1–9] 3,4:7,8:11,12:15,16-tetrafurazan-
1,9-dioxazo-5,13-diazocyclohexadecane (DOATF), a furazan-
based heterocyclic molecule, has been demonstrated to have a
superior standard enthalpy of formation than most energetic
materials since its first synthesis in 1996.[1,10] Meanwhile,
DOATF has large detonation velocity, suggesting it as an ideal
propellant. Combined with the new concept of using metal–
organic frameworks (MOFs) as high explosives,[11] MOF with
furazan ligands have been synthesized and demonstrated as
high-energy density materials.[12] However, MOFs with fu-
razan macrocyclic molecules, such as DOATF, have yet to be
further investigated, of which the interaction between metal
atoms and furazan macrocyclic molecules is of vital impor-
tance.

Scanning tunneling microscopy (STM) and non-contact
atomic force microscopy (nc-AFM) are powerful surface in-
vestigation methods to image the sample down to atomic-
and chemical-bond-resolution in real-space.[13] Using STM
and nc-AFM, the adsorption structures of organic molecules
on metal surfaces can be clearly resolved,[14,15] which gives
us information on the interaction between the molecule and
the metal atoms.[16–19] In this regard, studying the adsorp-
tion structure of DOATF can contribute for rational design of
DOATF-based energetic MOFs.

Here, we investigated the adsorption structure of DOATF
on Au(111) surface by STM, nc-AFM, and density func-
tional theory (DFT) simulations. The STM images show that
DOATF has a planar adsorption structure in quatrefoil shape,
which can be attributed to the four furazan groups in the
macrocycle plane. Nc-AFM images reveal that there is an out-
of-plane atom on top of the macrocycle plane, sitting off the
center of the macrocycle. Combined with DFT simulations,
this out-of-plane atom is confirmed to be the oxygen atom in
the coordinate N–O bonds in one of the azoxy groups.

2. Methods

2.1. Sample preparation, STM/AFM measurement

The experiments were performed using a CreaTec ultra-
high vacuum (UHV) low-temperature STM/nc-AFM system
with a base pressure of 2× 10−10 mbar (1 bar = 105 Pa). The
Au(111) surface was cleaned by repeated cycles of Ar+ ion
sputtering and subsequent annealing at 700 K for 20 min. The
DOATF were sublimated at 350 K onto the Au(111) substrate,
which was held at room temperature during molecular deposi-
tion. All STM and nc-AFM measurements were performed at
5 K with a qPlus sensor.[20] STM topography images were ac-
quired in constant current mode and the voltages represented
the bias on the sample with respect to the tip. Nc-AFM im-
ages were obtained in the frequency modulation mode using a
CO-functionalized tip.[21]
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2.2. First-principles calculations

All DFT calculations are carried out using Vienna ab ini-
tio simulation package (VASP) with the projector augmented
wave (PAW) method, and a generalized gradient approxima-
tion (GGA) in the form of Perdew–Burke–Ernzerhof (PBE)
is adopted for the exchange–correlation functional.[22–24] The
energy cutoff of the plane-wave basis sets is 400 eV. Long-
range dispersion corrections have been taken into account
within a DFT-D2 approach of Grimme.[25] In all calculations,
the Au(111) substrate was modeled by three-layered slabs
where the bottom one layer was fixed. The atomic structures
were relaxed until the residual forces on all unconstrained
atoms were less than 0.01 eV/Å. AFM simulation images were
obtained by the DFT optimized geometries. The probe parti-
cle model is used in the AFM simulation based on classical
force-fields.[26]

3. Results and discussion
The chemical structure of DOATF molecule is shown in

Fig. 1(a), which has four furazan rings (blue dashed boxes)

connected into a macrocycle by two azo groups (orange
dashed boxes) and two azoxy groups (red dashed boxes). The
azo (azoxy) groups sit at the opposite sides of the macrocy-
cle. The azoxy group have an additional N–O coordinate bond
compared with the azo group, indicating that they should have
different contrast in the STM images.

The DOATF molecules were sublimed from a molecule
cell evaporator at 350 K onto a clean Au(111) substrate held
at 80 K in ultrahigh vacuum. Figure 1(b) shows the large-
scale topographic image of as-deposited DOATF on Au(111),
in which most DOATF molecules gather into small assemblies
on the terraces and at the step edges of the substrate. The
DOATF molecules have a square shape with four lobes, as in-
dicated in Fig. 1(c) by the four blue dashed boxes, of which
two side-by-side lobes are brighter than the other two. One
side of the square shaped DOATF molecules is along the [112̄]
or [11̄0] direction of the substrate. According to the struc-
tural symmetry, the four lobes are most likely to be the furazan
groups, not the diagonally distributed azo or azoxy groups.

1 nm10 nm
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Azoxy
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Fig. 1. STM images of DOATF molecules adsorbed on Au(111) surface. (a) Chemical structure of DOATF. The azoxy, furazan, and azo groups
are labelled by red, blue, and orange dashed boxes, respectively. (b) Large-scale STM image of DOATF molecules as deposited on Au(111)
surface (Vs = −300 mV, It = 30 pA). (c) Zoom-in STM image of a DOATF trimer (Vs = −200 mV, It = 20 pA). The four blue dashed boxes
superposed on one of the molecules denote the four-petal morphology of a DOATF monomer on Au(111).

To understand why the four identical furazan groups have
two contrasts in the STM images, we carried out nc-AFM
measurements on a DOATF trimer in the same area as shown
in Fig. 2(a). Figures 2(b)–2(d) display a sequence of constant-
height nc-AFM images with decreasing tip-sample distances.
When the tip is relative far from the molecules (Fig. 2(b)), the
four furazan rings have vague shapes in dark contrast due to
the reason that they are still in the attraction force region (de-
noted by the four bule dashed boxes). Meanwhile, a prominent
bright protrusion is imaged off the center of each molecule
(red dashed circles), which is a clear feature caused by repul-
sive forces, indicating there is an out-of-plane atom on top
of the macrocycle plane. Compared with the STM image in
Fig. 2(a), the two lobes beneath the bright protrusion have
darker contrast than the other two lobes in each molecule, in-
dicating the out-of-plane atom has lower density of states than
the furazan rings.

With decreasing tip-sample distance in Fig. 2(c), the sig-
nal from repulsive force starts to emerge from the dark hol-
lows at the position of the furazan rings (bule dashed boxes)
and on two sides of the molecule (orange dashed circles). The
latter features may correspond to the N=N bonds in azo or
azoxy groups, which needs to be confirmed by images with
more details. By further approaching the tip to the sample,
clear repulsive feature of bond-resolution furazan rings are ob-
tained in Fig. 2(d) (blue dashed boxes). There are also bright
line-features connecting the out-of-plane atom with the N=N
bonds and part of the furazan rings. Another important fea-
ture is a bond extending from the opposite position of the out-
of-plane atom, which, judging from the contrast, is a bond
that slantingly points to the underneath Au(111) surface (green
dashed rectangle). Since the only possible out-of-plane bonds
in DOATF are the N–O coordinate bonds in azoxy groups,
the positions marked by the red dashed circle and the green
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dashed rectangle corresponds to the azoxy groups. Conse-
quently, the positions where the orange dashed circles marked
are azo groups.
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Fig. 2. Chemical-bond-resolved nc-AFM images of a DOATF trimer at dif-
ferent scanning heights. (a) STM image of a DOATF trimer (Vs =−200 mV,
It = 10 pA). (b)–(d) nc-AFM images of the same DOATF trimer in panel (a)
at decreasing scanning heights of 0 pm, −100 pm, and −140 pm relative to
a tunneling point of Vs =−200 mV and It = 10 pA. The scanning oscillation
amplitude was 100 pm. The blue dashed boxes denote the furazan groups; the
red dashed circles marked an atom that is higher than the macrocycle plane,
which can be attributed to an oxygen atom in one of the azoxy groups; the
orange dashed circles indicate the azo groups; the white solid circles indicate
the gold adatoms between the DOATF monomers.

In Fig. 2(a), the area between the DOATF monomers ap-
pears higher than the substrate, as denoted by a solid-line cir-
cle. In the corresponding nc-AFM image in Fig. 2(d), there
are two bright spots in this area, with bright line features ex-
tending to the furazan groups, which indicates there are gold
adatoms interacting with the furazan groups in the DOATF as-
semblies. Since the reconstructed Au(111) surface has plenty
of gold adatoms itself, and the N atoms have a stronger interac-
tion with gold compared to the C skeleton, the rich N dopants

in DOATF monomers are the most possible reason for the for-
mation of such DOATF-adatom assemblies.

To further verify the above discussions, we performed nc-
AFM simulations based on DFT calculations. Figure 3(a) is
the optimized structure of DOATF adsorbed on Au(111) sur-
face, in which the macrocyclic ring is nearly planar. One of
the N–O coordinate bond points upward from the macrocyclic
plane (marked by the red dashed circle), while the other N–O
coordinate bond points downward to the substrate, as shown
in the side view. Since the N (O) atoms are negatively (posi-
tively) charged in the coordinate bonds, this structure indicates
that the two N–O coordinate bonds act as a pair of dipoles on
the upper and lower surface of the macrocycle of DOATF. Fig-
ures 3(b)–3(d) display the zoomed-in nc-AFM images of the
molecule in the upper right part in Fig. 2 with decreasing tip-
sample distances. The corresponding DFT simulated images
are shown in Figs. 3(e)–3(g). Both experimental and simu-
lated images show a prominent bright protrusion at a relatively
far-away scanning distance, which is the oxygen atom above
the macrocyclic plane, as marked by the red dashed circle in
each image. At close scanning distance, the simulated image
nearly mimics the experimental image, clearing displays the
four furazan rings, the azo groups, and the vague N–O bond
that underneath the macrocyclic plane.

Since the DOATF monomers form assemblies with gold
adatoms, the nc-AFM images in Figs. 3(b)–3(d) were taken on
a DOATF monomer in a trimer. The presence of the adatoms
mainly influences the interactions with the furazan groups.
Therefore, in the nc-AFM images, the macrocycle looks flatter
than the monomer without adatoms in the DFT simulated im-
ages. However, for the N–O bond that does not have direct in-
teraction with the gold adatoms, the experimental feature and
the DFT simulation have good consistence.
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Fig. 3. DFT simulations and nc-AFM images of a DOATF monomer adsorbed on Au(111) surface. (a) DFT optimized adsorption structure of a DOATF
monomer on Au(111) surface. (b)–(d) nc-AFM images of a DOATF monomer on Au(111) at decreasing tip-sample distances of 0 pm, −100 pm, and
−140 pm relative to a tunneling point of Vs = −200 mV and It = 10 pA. The oscillation amplitude was 100 pm. (e)–(g) The DFT simulated nc-AFM
images at decreasing tip-sample distance. The chemical structure of DOATF is superposed in panel (g).
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4. Conclusion
We resolved the adsorption structure of DOATF

molecules on Au(111) substrate by STM and nc-AFM scan-
ning. In STM images, the DOATF has a four-lobed square
shape, which correspond to the four furazan group as re-
vealed by nc-AFM images. The nc-AFM images show a
bright protrusion off the center of the molecule, indicating a
non-planar structure. Combined with DFT calculations, we
confirm that the macrocycle consisted of four furazan groups,
two azo groups, and two azoxy groups is nearly planar when
DOATF adsorbs on Au(111), with the two N–O coordinate
bonds pointing upwards and downwards from the macrocyclic
plane. Our work clearly unveiled the adsorption structure
of macrocyclic energy material DOATF on Au(111), which
may contribute to deeper understanding of the interactions be-
tween DOATF and metal atoms in designing of DOATF-based
metal–organic frameworks.
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