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ABSTRACT: We report the formation of discrete molecular rings/spirals of small
molecules (1,3-dithia derivatives of ferrocene) on a highly oriented pyrolytic graphite
(HOPG) surface. On the basis of microscopy and theoretical calculations, molecular level
arrangement within the molecular rings is understood. The molecular rings show a
limiting inner diameter, and we interpret it to be related to the critical intermolecular
interaction limit. This limiting value of the inner diameter is surprisingly correlated with
that observed for molecular rings/disks of a few reported molecules. The correlation
reveals that molecular rings formed typically by weak van der Waals interactions should
always show a limiting inner diameter and should be independent of molecular structure,
size, and chemical nature.

Discrete spherical/porous structures of macro/large
biomolecules are commonly observed in nature,1,2

which are stabilized by the interplay of enormous inter- and
intramolecular interactions within them. However, such
structures are not very commonly observed when small
molecules (compared to macro/large biomolecules) assemble
on surfaces. On the other hand, porous network patterns
stabilized by strong hydrogen bonding have been reported for
small molecules on surfaces.3−7 Self-assembly of molecules
based on weak van der Waals interactions typically shows
dense packed molecular patterns on the surface;8,9 however,
porous network patterns are observed when long alkyl side
chains are present in the molecules.10−13 Both porous and
dense packed two-dimensional (2D) molecular patterns have
definite unit building cells. On the contrary, structures like
discrete rings of molecules cannot be constructed using
definite building unit cells as in 2D molecular patterns.
Therefore, the formation of molecular rings is not often
controllable in self-assembly on surfaces and is observed
serendipitously.
So far, only a few spontaneous formations of discrete

molecular rings (molecules as building blocks) have been
reported. Molecular rings/spirals have been shown for alkyl-
substituted tetrathiafulvalene14 and long-chain carboxylic
acids15 on a HOPG surface. However, strong molecule−
substrate (metallic) interactions16−18 and templates like gas
bubbles19−21 have shown to trigger the formation of molecular
rings on different surfaces. The spontaneously formed discrete
molecular rings reported so far are based on large molecules
with high structural flexibility. This suggests that the large size
and structural flexibility possibly offer multitudes of weak

interactions and diverse geometries for the molecule to form
discrete rings. Such rings are scarce on surfaces possibly due to
the requirement of several conditions like suitable molecular
geometry, the interplay of intermolecular and molecule−
surface interactions, suitable thermodynamical factors, etc. to
be satisfied.
In this Letter, we report the serendipitous observation of

molecular rings/spirals in the ultrathin film of 2-ferrocenyl-1,3-
dithiane (Figure 1a, FcS2C4) and 2-ferrocenyl-1,3-dithiolane
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Figure 1. (a) Structure of FcS2C4 as obtained from X-ray crystal data.
(b) AFM phase image of an ultrathin film of FcS2C4 on a HOPG
(0001) surface. Yellow and orange lines depict 1D and 2D islands,
respectively. Orientations of 1D islands (long edge) are marked by
yellow and black arrows. A terrace edge is marked with a dashed black
line.
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(Figure 3a, FcS2C3) at the HOPG−air interface. These Fc
derivatives are the smallest and most rigid known molecules,
forming discrete molecular rings on the surface stabilized
particularly by weak van der Waals interaction. Our
observation in comparison with the literature suggests that
the limiting inner diameter of molecular rings/spirals is related
to the critical interaction limit of molecules within the rings/
spirals and is independent of molecular geometry, size, and
chemical nature.
Figure 1b shows a typical AFM phase image of an ultrathin

film of FcS2C4 prepared at the HOPG−air interface by drop-
casting from methanolic solution at ambient conditions.
Further experimental details are provided in the SI. Two
types of molecular domains are observed: One dimensional
island (1D island, marked with yellow line) and Two
dimensional island (2D island, marked with an orange line).
The microscopic structure of these growths has been well
understood in our previous report.22 The relative percentage of
1D islands (∼65%) is higher with respect to that of 2D islands.
Upon annealing the above ultrathin film, striking changes are

observed in its morphology. Figure 2a,b shows typical AFM

phase images of an ultrathin film of FcS2C4 annealed at ∼353
K (corresponding topographs are provided in the SI). 1D
islands (yellow lines) coalesce to larger domains, yet the
orientation and well-defined growth facets are preserved. The
total coverage of 2D islands decreases drastically, and they
appear as small domains (marked with orange lines). In
addition, long chain-like structures (red lines) and rings (white
circles) are observed. We address these chains as 1D chains
owing to the nature of the growth. Typically the 1D chains
grow as long as several μm, and their growth is limited only by
other molecular domains on the surface. Three typical
orientations (red arrows in Figure 2a) suggest that the 1D

chains are aligned to the graphite compact lattice directions
(see additional images in the SI for the same). Further high-
resolution images of molecular rings (Figure 2c−e) reveal the
following. Molecular rings are either concentric or spirals with
a minimum of two circles (we did not observe molecular rings
with one circle). The spirals are coiled either clockwise or
counterclockwise (indicated by curved arrows). There is a
limiting value of outer and inner diameter (indicated in Figure
2c using double headed arrows) for the molecular rings, 44 ± 4
and 22 ± 3 nm, respectively. Molecular ring pairs formed by
clockwise and counterclockwise spirals are also seldom
observed (cf. Figure 2c).
We note that the molecular rings/spirals are observed

between 353 and 393 K; above 393 K, we observe that the
molecular rings break, as observed by the abundance of half-
rings (see AFM images in the SI). 1D chains, molecular rings,
and 1D islands desorb when the film is annealed above 393 K
and completely desorb at 413 K. We observe that as the
temperature increases the absolute coverage of 1D chains and
molecular rings/spirals decreases marginally. Absolute cover-
age varies between samples (depends on the concentration of
the drop-casting solution), and therefore, we use a single
sample preparation for the percentage analysis. The absolute
coverages of 1D chains and molecular rings are 7.6 and 6.7% at
353 K, 7.0 and 7.6% at 373 K, and 5.0 and 5.6% at 393 K,
respectively. However, the absolute coverage of 2D islands
decreases drastically (6.9% at 353 K, 5.0% at 373 K, and 2.0%
at 393 K) with temperature. Because the change in percentage
of 1D chains and molecular rings/spirals is comparable with
increasing temperature, we presume that their relative stability
is comparable. On a comparative scale, the stability of 2D
islands with respect to others is very low.
We studied the ultrathin film of a slightly different ferrocene

derivative (FcS2C3, Figure 3a) on HOPG. An “as-deposited”
ultrathin film of FcS2C3 shows similar 1D and 2D islands as
those observed in the case of FcS2C4 (see data in the SI).22

Upon annealing this film (Figure 3b,c), we observe 1D chains
(red lines) and molecular rings (white circles). The outer and
inner diameters of the molecular rings show limiting values of
40 ± 4 and 20 ± 3 nm, respectively. These diameters are
comparable to those of the molecular rings of FcS2C4. In
addition, the 1D islands (yellow lines) coalesce into large
domains; the abundance of 2D islands (orange lines)
drastically decreases, and the remaining 2D islands are
observed near molecular rings. We also observe a self-
assembled hexagonal superlattice of molecular rings (possibly
by discrete and or paired rings), as shown in Figures 3d and S6.
Additional AFM images and details may be found in the SI.
Similar as in FcS2C4, the molecular patterns of FcS2C3
completely desorb above 413 K.
Next, we discuss the microscopic arrangement of molecules

in both 1D/2D islands, 1D chains, and molecular rings/spirals.
The microscopic model for the arrangement of molecules in
1D/2D islands22 and that in 1D chains23 were reported
previously. The molecules in 1D and 2D islands are stabilized
by an edge-to-face (−C−H···π) interaction.22 The molecules
in the 1D chain are stabilized through an edge-to-center (−C−
H··· metal) interaction.23−26 These arrangements are also
known in metallocene assemblies on surfaces.25,27,28 Figure 4a
shows the optimized geometry (using DFT implemented in
Quantum ESPRESSO; see details in the SI) of molecular
packing in a 1D chain of FcS2C4 on a bilayer graphite. The
model for the 1D chain of FcS2C3 is provided in the SI. It is to

Figure 2. (a,b) AFM phase images of an ultrathin film of FcS2C4 on a
HOPG(0001) surface after annealing at ∼353 K. Yellow and orange
lines depict 1D islands and 2D islands, respectively. Parts of 1D chains
and molecular rings/spirals are marked by red lines and white circles,
respectively. Red arrows depict the orientations of 1D chains with
respect to their length. The red arrowhead indicates a curved 1D
chain. Terrace edges are indicated with black dashed lines. (c−e)
High-resolution AFM phase images of molecular rings. Directions of
coiling within the spirals are indicated with white curved arrows.
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be noted that along the length of the chain (A⃗), the adsorption
geometry allows a T-shaped π−π interaction between Cp rings
and graphite.28−30 This most likely favors the extended growth
of the 1D chain along three typical directions on graphite, as
observed experimentally.
We propose that the molecular rings/spirals have similar

microscopic packing as in a 1D chain. We observed several 1D
chains with curved/bent geometry for both molecules (images
with short bent/curved 1D chains are provided in the SI and
also indicated using red arrowheads in Figures 2a and 3b).
Because curves are the building elements of rings, we propose

that molecular rings are formed upon coiling of 1D chains. The
proposed microscopic packing of the curved 1D chain of
FcS2C4 is shown in Figure 4b (the corresponding model for
FcS2C3 is provided in the SI). The dimer building block
(indicated using a dashed oval) is similar to that of the 1D
chain. Curvature of the 1D chain is obtained by rotating the
molecular axis (magenta lines) of adjacent molecules by 3 ±
0.1°. All adjacent molecules possess the same angle of rotation
with respect to its neighbor, and thus, the curved 1D chain is
propagated. The angle of rotation of molecules is chosen such
that the radius of curvature of the ring (21.5 nm) corresponds

Figure 3. (a) Structure of FcS2C3 as obtained from X-ray crystal data. (b,c) AFM phase images of an ultrathin film of FcS2C3 on a HOPG(0001)
surface after annealing at ∼353 K. Yellow, orange, and red line and the white circle indicate coalesced 1D islands, 2D islands, 1D chains, and
molecular rings, respectively. A few terrace edges are marked with black dashed lines. Red arrowheads indicate a few curved/bent 1D chains. (d)
High-resolution AFM topograph of self-assembly of molecular rings.
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to the limiting inner diameter of the molecular rings of FcS2C4.
We propose that the limiting value of the inner diameter is
most likely related to the maximum allowed rotation of
adjacent molecules (with respect to the ideal dimer of the 1D
chain) up to which the intermolecular interactions are
energetically favorable at ambient conditions.
To understand this further, we performed a potential energy

scan (PES) for the relative orientation of a molecule in the unit
cell of a 1D chain (2 molecules per cell and with periodic
boundary conditions on bilayer graphite; see details in the SI).
One molecule in the unit cell (indicated with a magenta line in
Figure 4c) is rotated with respect to its neighbors, and the total
energy is calculated. Figure 4c shows the difference in the total
energy (ΔE) of different configurations with respect to the
energy of the unit cell of the 1D chain; a higher positive value
indicates low relative stability. It is striking to note that ΔE is
asymmetric around 0°. This suggests that a slightly rotated
configuration of molecules within the unit cell is relatively
stable compared to that in a 1D chain. The variation in ΔE for
configurations within −5 and +5° is below the thermal energy
at room temperature (RT), which suggests that such dimers
are feasible at RT. Therefore, the ring formation with dimers
having relatively rotated orientation within this range is
energetically favorable at RT. The asymmetry in ΔE is
attributed to the functional group that influences the
interaction between the molecules (functional group breaks
the symmetry of Fc). R depicts a dimer where the molecular
axis of one molecule is rotated clockwise with respect to an
ideal dimer, and S is the dimer with one molecule rotated
counterclockwise. Figure 4b includes part of molecular rings
constructed using R and S dimers. Depending on the relative
orientation of molecules, clockwise and counterclockwise
coiling or concentric molecular rings are feasible on graphite,
as experimentally observed. The PES and the corresponding

models for molecular rings for FcS2C3 are shown in the SI,
which also shows similar observations as FcS2C4. We also
calculated the PES without bilayer graphite; surprisingly no
major difference is observed compared to that with bilayer
graphite. This indicates that the molecular rings are stabilized
through molecule−molecule interactions and the substrate
plays no major role. To further validate the asymmetry in ΔE,
we compared the PES for the unit cell (same as that in Figure
4a) and a large unit cell (to mimic a situation of a dimer
without neighbors) without graphite. See the SI for the results.
It is observed that even for the dimer alone the asymmetry in
the ΔE is substantial. This indicates that dimers of variable
molecular orientations are expected on the surface and are the
building blocks for the different types of molecular rings.
We propose two possible mechanisms for the formation of

molecular rings/spirals: (a) condensation of molecules near
bubbles of solvents and the kinetic trapping of molecules into
ring structures and (b) molecules within the rings stabilized by
a limiting intermolecular interaction at the given thermody-
namical conditions. If molecules condense near solvent
bubbles, one would expect variable sizes for the rings, as
expected from the possible variety of sizes of bubbles.
However, we observe a unique inner/outer diameter for the
molecular rings (within experimental error). In addition, the
minimum size (∼20 nm) and the ordered assembling of rings
at free terraces could not be explained using a solvent droplet
drying mechanism. Previously reported molecular rings formed
near bubbles show variable diameters.19−21 We note that the
molecular rings in our case are observed upon annealing the
“as-deposited” film above the solvent boiling point. The
percentage of molecular rings remains comparable in the
temperature range between ∼353 and ∼393 K (see the
percentage above). This further supports that the molecular
rings are not formed by kinetic trapping around the solvent
droplets (solvent is not expected at this temperature on the
surface). Instead, they are thermodynamically stable structures
stabilized by intermolecular interaction. We have shown above
that the total energy (also related to the intermolecular
interaction energy) is lowest when molecules orient asym-
metric with respect to their neighboring molecules and
molecule rings may be constructed with such orientation of
neighboring molecules. Thus, we presume that the formation
of molecular rings is thermodynamically driven and not
kinetically. This also suggests that the observed limiting
inner/outer diameter of molecular rings is related to the critical
limit of intermolecular interactions between molecules (at
given thermodynamic conditions) within the molecular rings.
The intermolecular interaction within the rings is also not
influenced by the surface, as revealed in the calculations.
However, the atomically flat graphite surface should act as a
template as the molecule−molecule interaction is strongly
dependent on the relative adsorption geometry of neighboring
molecules within the ring. We note that on a silicon surface
(with roughness ≈ 1 nm) we observed only clusters of
molecules at RT and also after annealing. The growth of 1D
islands and 1D chains is epitaxially grown with respect to the
substrate symmetry, as observed by the preferential 6-fold and
3-fold orientations, respectively.
We have shown previously that 1D islands are energetically

favorable compared to 2D islands.22,23 Upon annealing, the
relative abundance of 2D islands (∼35% at RT and ∼11% at
353 K) diminishes drastically compared to 1D islands (∼65%
at RT and ∼64% at 353 K). In addition, it is observed that the

Figure 4. Optimized geometry corresponding to a 1D chain of FcS2C4
(a) on bilayer graphite. The unit cell is marked with a black dashed
rectangle. A⃗ (1.22 nm) and B⃗ (0.85 nm) are the unit cell vectors, and
α (90°) is the angle between them. (b) Proposed model for the
curved 1D chain of FcS2C4. (c) Difference in total energy (ΔE) as a
function of the angle of rotation of the molecular axis (magenta line)
of the molecule at the center of the unit cell. R and S depict molecular
rings constructed by R and S dimers, respectively.
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remaining amount of 2D islands (indicated with orange lines;
cf. Figures 2a,b and 3c,d) is always in the vicinity of 1D chains
and molecular rings. This observation suggests tentatively that
the 1D chains and molecular rings originate from energetically
less stable 2D islands. To confirm this further, we prepared the
ultrathin films of FcS2C4 and FcS2C3 on HOPG from ethanol.
We had shown previously that when molecular ultrathin films
of FcS2C4 and FcS2C3 are formed from ethanol, they
exclusively form 1D islands, and no 2D islands are observed.22

Further annealing of an ultrathin film of molecules prepared
from ethanol reveals no 1D chains or molecular rings; only
coalesced 1D islands are observed (AFM images are provided
in the SI). This supports further that the 1D chains and
molecular rings are thermodynamically favorable assemblies
and originate from energetically less favorable 2D islands. As
energetically less stable 2D islands are necessary for the
formation of molecular rings, the solvent for the preparation of
the ultrathin film also remains important.
We also find a surprising correlation in the inner/outer

limiting diameters of the molecular rings of FcS2C4 and FcS2C3
with those of a few reported molecules.14,15 See the
comparison in the table provided in the SI. The biggest
surprise here is whether the correlation is a mere coincidence
or it suggests that the inner/outer diameter of molecular rings
is independent of the molecular geometry and size. As revealed
in the PES calculations, energetically favorable asymmetric
molecular dimers are the key to the formation of molecular
rings. Therefore, the limiting inner/outer diameter should be
related to the limiting intermolecular interactions. We presume
a similar scenario for the previously reported molecular rings/
spirals.14,15 Thus, it is summarized that molecular rings formed
by predominantly weak intermolecular interactions should
always possess a limiting inner/outer diameter and should be
independent of size, shape, and chemical nature of the
molecules. We also note that the molecular rings with a very
small inner diameter (∼4 nm) are possible if the formation of
rings is assisted by a strong molecule−substrate interac-
tion.16,18

We observe the formation of discrete molecular rings/spirals
of two small ferrocene derivatives on graphite. The molecular
rings show a limiting value of the inner and outer diameters,
which closely correlates with those of molecular rings of a few
other molecules on graphite. On the basis of the microscopic
and theoretical analysis, we conclude that the formation of
discrete molecular rings and the limiting inner/outer diameter
are related to the critical intermolecular interaction at given
thermodynamic conditions. Our analysis also suggests that
discrete molecular rings are possible for any asymmetric
molecule at suitable thermodynamic conditions (irrespective of
their size) if the molecule−molecule interaction is dominantly
weak interactions. Furthermore, molecules interacting through
strong hydrogen bonding may not form discrete molecular
rings due to the strength and directionality of the
intermolecular interactions.
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W.; et al. Oligoethylene chains terminated by ferrocenyl end groups:
synthesis, structural properties, and two-dimensional self-assembly on
surfaces. Chem. - Eur. J. 2006, 12, 1618.

(29) Sinnokrot, M. O.; Valeev, E. F.; Sherrill, C. D. Estimates of the
ab initio limit for π−π interactions: the benzene dimer. J. Am. Chem.
Soc. 2002, 124, 10887.
(30) Qune, L. F. N. A.; Tamada, K.; Hara, M. Self-assembling
properties of 11-ferrocenyl-1-undecanethiol on highly oriented
pyrolitic graphite characterized by scanning tunneling microscopy. e-
J. Surf. Sci. Nanotechnol. 2008, 6, 119.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.9b03357
J. Phys. Chem. Lett. 2020, 11, 297−302

302

http://dx.doi.org/10.1021/acs.jpclett.9b03357

