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ABSTRACT: The self-assembly of either nickel tetraphenylporphyrin (NiTPP) or nickel octaethylporphyrin (NiOEP) on a reconstructed Au(111) surface is studied using scanning
tunneling microscopy in ultrahigh vacuum. Even though the porphyrins are achiral in the gas
phase, they are shown to form racemic chiral domains on the surface. For NiTPP we observe the
expected roughly “square” unit cell as well as a new “parallelogram” unit cell. For NiOEP we ﬁnd
a hexagonally packed structure in which alternating rows are rotated 15° with respect to each
other. We discuss the forces responsible for the formation of chiral domains and ﬁnd
intermolecular interactions to be the dominant factor in the assembly when the porphyrins
are on a ﬂat surface. Moreover, we observe that it is possible to break the formation of racemic
domains of NiTPP on Au(111) by using a kinked vicinal surface as a symmetry-breaking
template to locally lift the structural equivalence of the racemic surface structures. This study shows that a delicate interplay of
intermolecular forces and adsorbate-surface interactions leads to the formation of complex structures and chiral phenomena.

’ INTRODUCTION
The self-assembly of organic molecules on metal and semiconductor surfaces provides a promising route in the bottom-up
fabrication process of nanostructures. Metalloporphyrins have been
found to self-assemble into a variety of structures on a substrate,
depending on the surface,1,2 the surface temperature,3 and the
functional groups of the porphyrin ligands.4,5 The exact structure is
controlled by a delicate balance between intermolecular noncovalent binding forces and molecule-substrate interactions. Metalloporphyrins play an important role in biological processes such as
photosynthesis (through chlorophyll) and oxygen transport
(through hemoglobin). This has inspired their use in various
technological applications. Examples include functionalized porphyrins being used as photosensitive dyes in photovoltaic cells6-8
and as receptors in chemical gas sensors.9 They have also been
shown to have promising nonlinear optical,10,11 spintronics,12 and
catalytic13-16 properties. The virtually limitless porphyrin functionalization possibilities with diﬀerent central metal atoms and ligands
allows for the design of surfaces with physical and chemical properties tailored to the application’s speciﬁc needs.17 Self-assembled
arrays of metalloporphyrins are especially practical because the
correct combination of substituent groups and molecule-substrate
interactions makes it possible for the arrays to form at room
temperature and remain stable over a useful temperature range,
making their incorporation into technological applications feasible.
Adlayer structures of metalloporphyrins have been studied both in
ultrahigh vacuum (UHV) and in solution by a variety of techniques,
most prominently scanning tunneling microscopy (STM).
An interesting aspect of self-assembled arrays is the possibility
to make chiral domains of adsorbates. Ever since Pasteur ﬁrst
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uncovered the direct correlation between the structure of a
crystal and the handedness of its component molecules,18
researchers have been intrigued by the mechanism of chiral
separation.19,20 Chirally resolved surfaces provide a realistic
approach for the separation of enantiomers.21 Most commonly,
chirally resolved surfaces are prepared by the adsorption of a selfassembled layer of chiral or achiral molecules.22 Chiral adsorbates will spontaneously separate into left and right handed domains to pack into the most energetically favorable conformation.23-25 Achiral adsorbates can also form organizationally
chiral domains due to local intermolecular interactions and the
symmetry breaking properties of surfaces. The adsorption of
achiral molecules onto a surface can cause the formation of chiral
domains as well, one of the earliest examples being the selfassembled chiral arrays formed by benzene on several diﬀerent
surfaces.24 The structure of such an adlayer and the resolution of
its enantiomeric domains is the result of a delicate balance of
lateral molecule-molecule interactions and adsorbate-substrate forces.26
When chiral domains form on a surface, by the adsorption of
chiral or achiral molecules, it is expected that equal numbers of leftand right-handed domains will form (a racemate).27 It has been
shown that chirality can be induced in achiral systems by introducing a new chiral entity, such as a high index crystal face22 or a
magnetic ﬁeld.28 Single enantiomer domains have shown promise
in a number of ﬁelds, including asymmetric catalysis.21,29
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Figure 1. The structures of both porphyrin molecules that were used in this study: (a) nickel 5,10,15,20-tetraphenyl-21H,23H-porphine (NiTPP) and
(b) nickel 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine (NiOEP).

The exact chiral structure of such domains is governed by a
variety of interactions.30,31 First, molecules can form chiral
domains by being constrained to two dimensions on a surface.
Whether or not chiral arrays form usually depends on which face
of the molecule adsorbs parallel to the substrate. Second, the
substrate lattice plays an important role as it can guide selfassembled arrays to align with the main lattice directions, which
can lead to the formation of a chiral array. The substrate can
induce chirality within the molecule itself as well by forcing the
molecule to rearrange its internal structure to accommodate
substrate-adsorbate interactions.
Intrinsically chiral crystal lattices are also used to induce of
chiral discrimination. It has been shown that a bulk crystal lattice
with a high Miller Index is chiral if its steps are kinked.32 The
kinks expose microfacets of intersecting surface planes whose
rotational progression is right- or left-handed. However, the
chirality of a crystal surface is not limited to a bulk crystal with a
high Miller index. Achiral crystals can also be locally chiral as a
result of a miscut or defect. In the surface used in this study, for
example, defects in the form of kinked steps were purposely
sought out to study areas of local chirality. The ability of a surface
to guide self-assembly and act as a template for adsorbates
presents a pathway for the creation of nanoscale systems that
can be applied to industrial processes leading to enantiospeciﬁc
reactions or the production of optically active materials.21
Finally, we consider the role that intermolecular forces play in the
formation of chiral arrays. Local interactions between individual
molecules such as steric repulsion/attraction and hydrogen bonding
can determine the structure of a self-assembled array. Whether or
not the resulting structure is chiral depends on the relative extent of
the forces and, for certain cases, on how closely the molecules are
packed. In most cases, the chirality of an array is caused by a
combination of all the interactions mentioned.
In this work we study the chirality of self-assembled arrays
formed by the adsorption of vapor-deposited achiral nickel
5,10,15,20-tetraphenyl-21H,23H-porphine (NiTPP) or nickel
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine
(NiOEP) on a
√
reconstructed 23 x 3 Au(111) surface using STM in UHV.29-42
Their molecular structures are shown in Figure 1. It has been
shown that this Au(111) surface enables the formation of ordered
arrays, making it the ideal substrate for our studies.43,44 Speciﬁcally,

we look at how intermolecular forces and interactions with the
substrate inﬂuence the formation of chiral domains. We report a
new self-assembled structure for NiTPP consisting of a parallelogram-shaped unit cell as well as a square-packed arrangement.
For NiOEP we ﬁnd a roughly hexagonally packed structure with
alternating rows rotated by 15°. In recent years, the structure of
metal tetraphenyl- and octaethylporphyrin adlayers has received
much interest, although no comments have been made on the
chirality of the adlayer domains. Tetraphenylporphyrin layers
studied were found to form a well-organized overlayer with a
roughly square unit cell on Au(111), both in solution and in
UHV.15,33-35 A roughly hexagonal unit cell was found for metal
octaethylporphyrins on the same gold surface.1,16,36-39 Literature results for either porphyrin show only one enantiomeric
domain, even though both mirror image domains exist, as we show
in this work. Previous studies on tetraphenyl- and octaethylporphyrin arrays also do not seem to comment on the emergence of
chirality, a topic that we address in this work as well.

’ EXPERIMENTAL SECTION
All experiments were performed in a UHV chamber with
a base pressure of 5  10-11 Torr using an Omicron microSTM.45 The Au(111) single crystal surface was prepared in UHV
using several repeated sputtering (1 keV, Neþ) and annealing
(700-800 °C) cycles. Surface cleanliness was veriﬁed with Auger
electron spectroscopy, and the surface order was ascertained by
low-energy electron diﬀraction. STM imaging conﬁrmed the
quality of the surface and the presence of the herringbone
reconstruction. NiTPPs and NiOEPs were purchased from
Sigma Aldrich and used without further puriﬁcation. The porphyrins were deposited onto a room temperature Au(111) surface from a Knudsen-cell type setup consisting of a quartz
crucible wrapped with a heating ﬁlament. Optimal evaporation
parameters for monolayer and submonolayer porphyrin coverage were determined through a series of experiments where we
varied crucible temperature and dosing time. We combined AES
data and STM images to determine the quality of the deposited
adlayer. STM imaging was performed using electrochemically
etched Pt/Ir tips at room temperature in constant current mode
and then ﬁltered and slightly smoothed.46 Scanning tunneling
2827
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Figure 3. STM image of (a) S and (b) S0 domains acquired at 1 nA with
a bias change (indicated by white line) from 2.0 to 1.0 V and from 1.7 to
1.0 V, respectively. (c,d) A detailed STM image of NiTPP domains
showing the S and S0 enantiomer conformations, acquired at 1.0 nA, 1.5 V
and 1.0 nA, 1.0 V, respectively. Overlaid is a three-dimensional (3D) structural model and the unit cell is marked. Each unit cell measures 1.36 (
0.04 nm by 1.46 ( 0.04 nm with an acute angle of 84° ( 3° and contains
one NiTPP molecule. The 10° rotation of the porphyrins with respect to
their main unit cell direction makes chiral domains possible.

Figure 2. (a) STM image of a vapor-deposited NiTPP monolayer on a
Au(111) substrate, acquired at 1.0 nA and 0.5 V (41  41 nm2). Arrows
indicate possible vacancies or nonmetalated porphyrins. The gold
herringbone reconstruction is clearly visible underneath the porphyrin
overlayer. (b) Zoomed-in STM image of the S0 domain acquired from a
diﬀerent sample than that used to produce Figure 1a. Imaging parameters are 2.0 nA and 1.0 V, 8.6  8.6 nm2. In this image, the
interdigitation of the phenyl substituent groups is clearly shown.

spectroscopy (STS) data were obtained by taking I/V spectra of
the adlayer, converting them to dI/dV curves, averaging the
results over 15-20 spectra and then smoothing them.

’ RESULTS AND DISCUSSION
a. NiTPP on Au(111). Figure 2a shows a typical large-scale
STM image of a NiTPP monolayer on Au(111). The NiTPP
molecule is converted from the D4h symmetry it had in the gas

phase to D2d symmetry when adsorbed onto the surface. The
evaporated NiTPP molecules form large, well-organized domains on the gold surface and the porphyrin overlayer does
not inhibit our observation of the gold herringbone reconstruction beneath the adlayer. We observed what appear to be
vacancies in the NiTPP overlayer but the overall number
measured below 1%. These vacancies could be either missing
porphyrin molecules or nonmetalated H2TPP molecules.47
Figure 2b shows a zoomed-in STM image of a NiTPP monolayer
from a different sample. In this image, the interdigitation of the
phenyl rings is clearly resolved. An extensive examination of the
STM images of the NiTPP arrays revealed the existence of two
distinct conformations: a roughly square or rhomboid (S)
structure (which we will simply call “square” from now on)
and a parallelogram (P) structure. In addition, for each conformation, we observed domains of their rotational mirror image
S0 and P0 . Our data indicates that a racemic structure formed on
the surface, as one would expect. STM images of the two mirror
image S and S0 structures are shown in Figure 3c,d with a
molecular model overlay. The square conformation is comparable to most of the conformations reported for assemblies of
metal tetraphenylporphyrins on Au(111) in literature, although
the existence of mirror image domains was never reported for
tetraphenyl porphyrins with a nickel central metal on one sample
of Au(111). To the best of our knowledge, the parallelogram
structure has not previously been reported.
At lower resolution, individual NiTPP molecules appear as
rounded square features with a depression in the center. The
nickel atom appears as a depression because of the lower
tunneling probability of the ﬁlled nickel dz2 orbital.48,49 At higher
resolution, the four phenyl groups can be distinguished at the
corners while the internal structure of the porphyrin ring
becomes clearer. Some images show the pyrrole rings as a double
2828
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Figure 5. STM image of NiTPP domains on Au(111) showing the new
P and P0 enantiomer conformations, acquired at 2.0 nA and 1.0 V for the
P structure and 1.0 nA and 2.0 V for P0 . Overlaid is a 3D structural model,
and the unit cell is marked. Each unit cell contains one NiTPP molecule
and measures 1.47 ( 0.07 nm by 1.56 ( 0.07 nm with an acute angle of
72° ( 3°. The 8° rotation of the porphyrins with respect to their main
unit cell direction causes the emergence of chiral domains.

Figure 4. STS spectrum of a NiTPP and a NiOEP adlayer on Au(111)
acquired at 1.5 V and 0.4 nA.

protrusion on two opposite sides, as shown in Figure 3d. This
indicates that the porphyrin is slightly deformed to a saddle
shape, as noted by Auw€arter et al.50,51 The Auw€arter study
suggested that the terminal phenyl groups are alternately rotated
out of the porphyrin plane. Steric repulsion between the hydrogen atoms on the porphyrin ring and the phenyl groups causes
one pyrrole pair to tilt upward. This tilting, combined with the
2-fold symmetry of the lowest unoccupied molecular orbital
(LUMO)52,53 causes the NiTPP molecule to appear as a twolobed structure at imaging parameters with voltages around 1.5
to 2.0 V. This is clearly illustrated in Figure 3a,b, which shows
STM images for both S and S0 structures where the bias voltage is
changed from 2.0 or 1.7 to 1.0 V during the image. Figure 4 shows
an STS spectrum of the NiTPP adlayer. The locations of the
highest occupied molecular orbital (HOMO) peak at -1.3 to
-1.4 V and the LUMO peak at 1.6-1.7 V are comparable to
results published for NiTPP in literature.33,54 The LUMO peak
corresponds well with the bias voltage at which a noticeable
change is observed in the STM images. At bias voltages above
1.5 V, the image changes from a molecule with 4-fold symmetry
to a molecule with 2-fold symmetry, indicating resonance with
the LUMO orbital of the system. This transition occurs for both
the square and the parallelogram arrangements. Figure 5 shows a
close-up STM image of the P and P0 conformations. Note that for
simplicity and clarity, we used a molecular model overlay with the
phenyl groups perpendicular to the surface. As mentioned earlier,
in reality, when the NiTPP molecule adsorbs onto the surface,
the NiTPP molecule takes on a saddle shape with a dihedral angle
between the porphyrin plane and the phenyl group estimated to
be between 60° and 90°.2,55-57
A detailed statistical analysis was performed on the STM
images of the NiTPP monolayer. The analysis gave a unit cell of
1.36 ( 0.04 nm by 1.46 ( 0.04 nm with an acute angle of 84°
( 3° for the “roughly square” structure. The packing density is
5.0  1013 molecules/cm2 and the apparent height is approximately 0.5 nm. Literature values for NiTPP speciﬁcally and metal

tetraphenylporphyrins in general15,58,59 on Au(111) give unit cell
dimensions of 1.40-1.43 nm and an angle of 85°, which
correspond rather well with our ﬁndings. Individual enantiomer
structures similar to S and S0 have been reported for NiTPP34,60
on Au(111) and for H2TPP61,62 on Ag(111). For the parallelogram structure, a unit cell of 1.47 ( 0.07 nm by 1.56 ( 0.07 nm
with an acute angle of 72° ( 3° is found with a packing density of
4.5  1013 mol/cm2. Because of the pronounced diﬀerence in
unit cell, it is possible to distinguish the two structures, even in
lower resolution images. For both square and parallelogram conformations, the molecules are rotated 8-10° with respect to the
main unit cell direction.63 This slight rotation is crucial to making
the formation of chiral domains possible. A thorough examination of numerous domains on several diﬀerent samples shows
that most of the domains have the square conformation, while
only 5-10% show the parallelogram structure.
The small percentage for the parallelogram conformation
could explain its absence in previous literature. It is a higher
energy form because in the parallelogram structure the phenyl
rings are closer to perpendicular with respect to the porphyrin
plane, allowing π-π interactions between phenyl rings of
neighboring molecules.64 The porphyrin ring is further away
from the gold surface in the parallelogram conformation, which
reduces the interaction with the gold and causes the energy of the
arrangement to be higher. The square structure on the other
hand does not have the possibility of π-π interactions but is
stabilized by interdigitation and T-type interactions between the
hydrogen atom of a substituent phenyl group and the center of an
adjacent phenyl group.65 The more rhomboid unit cell dimensions for the “square” structure may be caused by interactions of
the molecules with the gold surface underneath combined with
the reduction of the internal symmetry of the molecule from
4-fold to 2-fold symmetry upon adsorption.
The precise location of the gold substrate in relation to the
NiTPP monolayers could not be determined from our images.
However, it is possible to estimate the position of the substrate
from the herringbone reconstruction, which is imaged simultaneously with the NiTPP monolayers. On the basis of the
structure of the herringbone, it is seen that NiTPP molecules
are aligned with the underlying gold surface but are not commensurate with the gold lattice. A detailed study of NiTPP
domain boundaries shows that diﬀerent domains always intersect
2829
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Figure 6. STM images of boundaries between NiTPP S and S0 domains,
showing intersections. Domains only meet at angles of 0°, 30° or 60°,
because the porphyrin unit cell aligns with either one of the main
directions of the gold or with the directions of the herringbone. Panels
a-c clearly demonstrate that the S and S0 domains exist together in a
single area. The translational shift between domains is shown in panel a.
This longitudinal shift allows the molecules to maintain a T-type interaction between the phenyl groups. (a) The domain boundary occurs
at 0°. Imaging parameters are 3.0 nA and 1.0 V, 80  80 nm2. (b) The
domain boundary occurs at 30°. Imaging parameters are 1.0 nA and 2.0
V, 16.7  16.7 nm2. (c) The domain boundary occurs at 0°. Imaging
parameters are 0.3 nA and 2.5 V, 15.5  15.5 nm2.

at either 0°, 30° or 60° ((5°) angles.66 Figure 6 shows two
examples of these domain boundaries.
A review of STM images of metal tetraphenylporphyrin
domain boundaries on Au(111) published in the literature
conﬁrms these angles. Because in most images the gold herringbone can be imaged through the NiTPP overlayer, we can
conclude that there is a preference for the NiTPP domains to
either follow one of the three herringbone or one of the three
main gold directions. This would explain why the domain
boundary angles are limited to roughly 0°, 30°, and 60°.
The domain boundaries shown in Figure 6 highlight the fact
that both enantiomeric domains exist together on the same
surface. This ﬁgure also clearly depicts how the molecules
arrange themselves at domain boundaries. In Figure 6a, we
observe a translational shift between the molecules on either
side of the domain boundary as highlighted by the black line.
With such a shift, the molecules are still able to arrange
themselves with a T-type interaction.
The surface-induced directionality is exceptionally illustrated
in Figure 7, where it is seen that NiTPP domains and adjacent
kinked steps follow the same direction. The local kinked step is a
chiral entity and nucleates the formation of only S0 domains.
Thus, we see that the porphyrin array locally follows the
handedness of the step. The NiTPP molecules adsorbed on
the step edge appear to be bridging the step, with two phenyl
groups interacting with the top and two phenyl groups interacting with the lower step. This behavior is similar to the adsorption
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Figure 7. STM image of a NiTPP adlayer on three adjacent gold steps,
acquired at 1.0 nA and 1.5 V (16.7  16.7 nm2), showing the
directionality of the porphyrin adlayer. This image suggests that kinks
in the gold steps act as nucleation sites for domains of one particular
enantiomer. The locally chiral surface with an estimated (336 316 315)
surface plane guides the porphyrin molecules into single-handed domains. Molecules that sit on the step edge appear to bridge the step.

Figure 8. STM images of NiOEP domains showing the two enantiomer
conformations, acquired at 0.5 nA and 3.0 V for structure A and 0.4 nA
and 1.0 V for A0 . Overlaid is a 3D structural model and the unit cell is
marked. Each unit cell contains two porphyrin molecules and measures
2.86 ( 0.07 by 1.67 ( 0.11 nm with an acute angle of 55° ( 5°.
Alternating rows are oriented diﬀerently (marked I and II) since they are
rotated 15° with respect to each other. A 25° or 40° rotation with respect
to the main unit cell causes the domains to be chiral.

of CoPc on stepped Au(788).67 The height diﬀerence of
approximately 0.25 nm conﬁrms that the features are indeed
gold steps and not a second porphyrin layer.
b. Nickel Octaethylporphyrin on Au(111). In order to gain
more insight into the chiral self-assembly mechanism, we
studied the adsorption of NiOEP on the Au(111) surface as
well. In low-resolution STM images, NiOEP molecules appear
as rounded square features with a central depression for the
nickel atom, just like the NiTPP molecules. However, at higher
resolution, the eight ethyl groups can be resolved as bright
spots lining the porphyrin ring in the STM images, as shown
2830
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in Figure 8. The molecular overlay shows the mirror image A
and A0 structures.
NiOEP forms a roughly hexagonally packed structure with
molecules in neighboring rows twisted 15° with respect to each
other. All molecules within each row indicated by arrows in
Figure 8 are oriented the same way. However, two diﬀerent
orientations (denoted as I and II) exist, causing every second row
to exhibit the same molecular orientation. Every NiOEP molecule also exhibits a slight rotation with respect to the main unit
cell direction, which causes an overall chiral arrangement. The
rotation is ∼40° for rows I and ∼25° for rows II, as shown in
Figure 8. This structure corresponds with other reports for OEP
arrays on Au(111), although the mirror image structures were
never reported for the same molecule on one sample. Structure A
was reported for NiOEP36 and A0 for CoOEP,14 but to the best of
our knowledge the A0 structure was never reported for NiOEP on
Au(111). Because NiOEP is harder to image than NiTPP, we
were unable to collect as many images of the NiOEP assembly.
Nevertheless, from our images, it was possible to estimate that
the enantiomers occur in roughly racemic amounts. We determined the unit cell of the structure to be 2.86 ( 0.07 by 1.67 (
0.11 nm with an acute angle of 55° ( 5°. Each unit cell contains
two octaethylporphyrin molecules, leading to an overall packing
density of 5.1  1013 molecules/cm2. Hence, just like NiTPP,
NiOEP molecules are achiral in the gas phase but form chiral
domains on a substrate that are incommensurate with respect
to the reconstructed gold surface underneath. This incommensurability is due to the size diﬀerence between the porphyrin
superlattice and the gold lattice.
The adsorption onto the gold substrate causes the ethyl groups
of the NiOEP molecule to point upward, forming a “bowl-like”
shape.36 This causes a reduction from D4h symmetry in the gas
phase to C2v on the surface. Due to the upward rotation of the
ethyl groups, the porphyrin ring can sit closer to the gold surface,
allowing for a greater interaction with the gold. This causes the
adsorption energy of NiOEP on Au(111) to be greater than that
for NiTPP. Figure 4 contains an STS spectrum of the NiOEP
adlayer, showing a shoulder for the HOMO peak around -1.2
to -1.3 V and a LUMO peak around 1.3 V.
c.1. Chiral Domains. Our discussion begins by addressing the
adsorption of NiTPP on Au(111) and the formation of a racemic
mixture of chirally resolved domains. The discussion continues
by addressing how the structural symmetry responsible for
racemic adsorption can be broken using kinked steps. We end
our discussion by addressing how the porphyrins can restructure
the gold herringbone reconstruction.
What drives the formation of chiral domains of these nickel
porphyrins on Au(111)? We could not ﬁnd isolated NiTPP or
NiOEP molecules on the gold substrate to determine whether a
single molecule undergoes the respective 8° to 10° or 15°
rotation we observed, because the porphyrins are too mobile at
room temperature. However, previous studies at cold temperatures and calculations indicate55,68 that similar porphyrin molecules do not undergo a rotation when adsorbed onto a Au(111)
substrate. This indicates that the slight rotation of the porphyrin
molecules is not caused by the adsorption site. The central metal
atom also seems to have a negligible eﬀect on the chiral domain
formation for either porphyrin. We used vapor-deposited
CoTPP to conﬁrm that even with a diﬀerent central metal,
tetraphenylporphyrins will form the same chiral structure and
found both the S and S0 versions of the square structure for
CoTPP on Au(111). Previous studies show that CuTPP,
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CoTPP, or ZnTPP13,34 adlayers form a similar square-like
arrangement on Au(111).44 The negligible inﬂuence of the
central metal atom is conﬁrmed for OEP as well because FeOEP
and CoOEP14,38 form hexagonal structures on Au(111), which
are very similar to the NiOEP domains. As we discussed earlier,
the adsorption site does not seem to cause the formation of chiral
domains, but the surface as a whole can inﬂuence the directionality of the self-assembled arrangements. However, those longrange interactions do not cause the emergence of chiral domains
either. This is conﬁrmed by the observation that both FeTPP and
H2TPP form structures on a diﬀerent substrate, Ag(111),50,61
that look very much like the square arrangement that we
observed for NiTPP on Au(111). The inﬂuence of the substrate
is illustrated for OEP by the fact that CuOEP forms a hexagonally
packed structure without the slight rotation between rows when
adsorbed onto NaCl layers on Ag(001).69 NiOEP forms both a
hexagonal and a squarely packed structure on graphite.1 However, the diﬀerence in structure in that case can also be caused by
the deposition method because the NiOEP adlayer was deposited from a benzene solution. The rotation angle of the NiOEP
molecules with respect to the main unit cell was not determined,
so we cannot compare it to the 15° angle we observed on
Au(111). The eﬀect of deposition method is expected to be
minimal for NiTPP based on observations from previous studies
that show that CoTPP and CuTPP form S and S0 structures on
Au(111) when deposited from a benzene solution. Our conclusion is that the precise chiral structure of the porphyrin adlayer is
caused by intermolecular van der Waals forces and hydrogen
bonding interactions between neighboring porphyrin molecules,
combined with a directionality caused by the gold surface.
c.2. Intermolecular Forces Drive Chiral Domains on Flat
Terraces. In order to understand why the studied porphyrins
formed the chiral packing structures we observed, we compared
our two-dimensional (2D) monolayer crystals with 3D crystals
that were grown from solution. X-ray diffraction data show that
NiTPP crystals will form a tetragonal or a triclinic crystal,
depending on the kind of seed used to start the crystallization
process. The tetragonal NiTPP crystal has four molecules per
unit cell and has dimensions a = b = 15.04 Å and c = 13.92 Å.56
The triclinic structure on the other hand has a unit cell that
contains only one porphyrin molecule and shows parameters of
a = 6.44 Å, b = 10.42 Å, c = 12.41 Å, R = 96.06°, β = 99.14°, and
γ = 101.12°.70 In both crystal structures, the porphyrins are rotated
in the plane of the macrocycle with respect to the main directions
of the unit cell. This angle is approximately 30° for the tetragonal
and 20° for the triclinic structure. In both cases, the phenyl
groups are rotated with respect to the plane of the porphyrin ring
approximately 72° for the tetragonal, and 61-63° for the triclinic
structures.57 These angles are similar to the predicted rotation of
the phenyl groups upon adsorption of NiTPP molecules onto a
Au(111) surface.2,55 In the triclinic crystal, no two porphyrin
rings are located within the same plane, making the formation of
a similar structure on a flat substrate rather unlikely since the
porphyrins adsorb with the porphyrin ring parallel to the surface.
The tetragonal structure on the other hand is a viable structure to
compare with our 2D monolayers. The X-ray data show that
laterally adjacent porphyrins in a crystal are rotated with respect
to each other. This 15° rotation is similar to the 8-10° rotation
we observed in our STM images. The rotation is inherent to the
tetraphenylporphyrin system and caused by the intermolecular
forces between porphyrins. This observation reinforces our
argument that intermolecular forces are the main cause for the
2831
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Figure 9. Model of the structure of a tetragonal NiTPP crystal, made
using data from ref 53. The a and b directions of the unit cell are
indicated, and the c direction is perpendicular to the plane of the paper.
The molecules are color-coded red-brown-purple-green from the bottom layer to the top layer. The coordinates in the c direction are 0 (red),
1/4 (green), 1/2 (purple), and 3/4 (brown), showing that all layers are
evenly spaced. The square base of the tetragonal unit cell is marked by
the black square.

formation of chiral domains. The distance between the porphyrins is different for the crystal and the monolayer. In the crystal,
neighboring porphyrins are ∼15 Å apart, while we find 13.6 Å
and 14.6 Å for the square and 14.6 Å and 15.7 Å for the
parallelogram structure. The packing density in the crystal,
4.41  1013 molecules/cm2, is markedly smaller than the square
monolayer structure density (5.0  1013 molecules/cm2) and
slightly smaller than that of the parallelogram structure (4.65 
1013 molecules/cm2). The unit cell for the monolayer is also not
rectangular. These differences are due to the significantly different surroundings in a crystal (several stacked porphyrin layers)
versus a monolayer (vacuum and a gold substrate). In the
monolayer, a closer approach allows interaction between the
π-systems of the phenyl rings, stabilizing the structure. Besides
the slight rotation and the twisted phenyl rings mentioned earlier,
the crystal and the monolayer have another feature in common:
in both cases the porphyrin has a saddle or “ruffled” shape. In the
crystal the ruffling is caused by the presence of phenyl rings of the
layer above interacting with the pyrrole rings of the porphyrin
below, as can be seen in the structure shown in Figure 9. In a
monolayer the ruffling is caused by an attraction of the porphyrin
ring to the gold, combined with the twisted phenyl rings.49,50
Although the interactions causing the configuration change are
different, they show that ruffling is the preferred way for the
porphyrin to respond to stress from its surroundings. Our main
conclusion from the crystal-monolayer comparison is that the
overall shape of the molecule is very similar in both setups. Also,
the slight rotation that causes the organizational chirality in the
monolayer is also present in the crystal, although the exact
dimensions and angles of the unit cell are different. In the NiTPP
crystal, left- and right-handed versions of the chiral structure
occur in alternating layers, as can be seen in Figure 9, while in the
monolayer they occur in segregated domains.
In the case of a NiOEP crystal, the comparison is harder,
mainly because the porphyrin molecules in a crystal have a
markedly diﬀerent shape than in the monolayer. In our STM
images, the NiOEP molecules showed a symmetrical distribution
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of bright spots in the location of the ethyl groups, indicating that
they are pointing upward.36 In a crystal, however, no matter
whether it is triclinic or tetragonal, four ethyl groups will point
upward, while the other four will point downward. The triclinic
unit cell contains one molecule per unit cell and has the
following parameters: a = 9.924 Å, b = 10.564 Å, c = 7.617 Å,
R = 97.66°, β = 109.47°, and γ = 92.35°.71 The tetragonal unit
cell measures a = b = 14.93 Å and c = 13.84 Å and contains four
molecules.72 In a triclinic crystal four adjacent ethyl groups will
point up or down, causing a C2h symmetry, while in a tetragonal
crystal, pairs of ethyl groups will point up or down, resulting in
D4 or D2d symmetry. Because in our STM images the NiOEP
molecules are symmetrical and because a strong interaction of
the porphyrin ring with the gold substrate exists, it is unlikely for
a variation of either crystal structure to occur on a surface. In the
tetragonal NiOEP crystal, the main porphyrin ring is also twisted
considerably, deviating from the mostly planar structure it has
when conﬁned to a surface.73 The triclinic crystal on the other
hand has π-π interactions between the pyrrole rings and the
macrocycle of stacked layers. However, similarly to the triclinic
NiTPP crystal, no two porphyrin rings are located in the same
plane. This fact combined with the diﬀerent positioning of the
ethyl groups makes the formation of a variation of the NiOEP
crystal structure on a substrate improbable. Additionally, the
alternating rotated rows we ﬁnd in the monolayer are not
present in any of the NiOEP crystals, indicating an inﬂuence
of the substrate on the monolayer structure. Our conclusion is
that the molecular shape and arrangements in the crystal are too
diﬀerent from the NiOEP monolayer, making any useful deductions about how diﬀerent interactions inﬂuence the structure
unlikely.
c.3. Kinked Step Edges Guide Chiral Domains. We continue our discussion of what drives the formation of chiral
domains by addressing how the structural equivalence of the
racemic packing structures of NiTPP can be broken using kinked
steps in the gold surface. As mentioned previously, on large flat
terraces of Au(111), NiTPP forms a racemic domain mixture of a
square- or parallelogram-shaped unit cell. We have determined
that this self-assembly is dominated by intermolecular forces on
smooth surfaces. However, the presence of a kinked step changes
this situation, and the local structure of the porphyrins is guided
by the symmetry of the kink and forms one enantiomeric domain.
It seems as though the kinks serve as a nucleation site for chiral
domains, forcing the porphyrin array into one of the mirror
image structures.74 Similar behavior was observed in a recent
study by Yang et al., where a step edge in a Au(111) surface
affected the terrace structure of self-assembled CoTPP domains.
In Figure 7, it is shown that an array of NiTPP follows the steps
on the Au(111) surface and locally forms domains of only one
enantiomer. The kinks on the steps are left-handed kinks and
only the left-handed, S0 , domain forms. The length of the kinks,
the angle between kinks, and the width of the terraces make it
possible to elucidate the underlying lattice structure needed to
drive this specific local assembly of porphyrin molecules. Along
the marked area in Figure 7, the terrace is made up of six NiTPP
molecules, and the kink is four molecules long. These distances
correspond to approximately 25 gold atoms across the terrace
and kinks separated by four gold atoms. A substrate lattice that
would lead to the formation of a similar NiTPP array would have
the Miller indices (336 316 315). Such a vicinal surface would
have (111) terraces that are 25 gold atoms wide, single-atom
(110) steps, and (100) kinks.
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The local chirality at the kinked steps is able to control the selfassembly of the porphyrin adsorbate on the corresponding gold
terraces. The fact that a local kinked step can pattern an area of
molecules has tremendous implications. One can imagine the
possibilities when the surface chirality is present not as a local
defect but extending across the macroscopic surface. This can be
realized by using a high Miller index: one handedness of the
kinked steps would be present in a large majority across the entire
surface. If NiTPP molecules were to be deposited on such a
surface, the existence of one of the structural enantiomers should
be observed globally, producing a chiral interface. The image
shown in Figure 7, which spans two locally kinked steps,
demonstrates that this should indeed be possible. A study to
extend our ﬁndings that kinked steps indeed inﬂuence the
chirality of the domains is currently underway in our laboratory.

’ CONCLUSIONS
NiTPP and NiOEP thin ﬁlms were vapor deposited onto a
Au(111) surface and studied using STM imaging and STS
spectroscopy. From STM images of the well-ordered porphyrin
domains the packing arrangement could be determined, revealing the existence of rotational mirror image domains for both
NiTPP and NiOEP. A previously unknown “parallelogram”
packing structure was found for NiTPP as well as the expected
roughly “square” arrangement. NiOEP formed the expected
conformation that has alternate rows which are rotated 15° with
respect to each other. Even though both porphyrins are achiral in
the gas phase, they form chiral domains on the surface. We
conclude that when the porphyrins are assembled on a ﬂat
terrace, their chiral packing structure is determined by intermolecular forces that cause the molecules to rotate with respect
to each other. Moreover, we demonstrate that it is possible to use
a kinked step as a local symmetry-breaking template to lift the
structural equivalence of the racemic packing structures of
NiTPP that exist on a smooth surface. We are continuing to
investigate in detail how intermolecular forces and molecular
structure guide the formation of chiral domains of both porphyrin systems and are expanding our eﬀort to include well-deﬁned
and intentionally fabricated kinked stepped surfaces to extend
these initial ﬁndings to macroscopic dimensions.
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