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ABSTRACT: Artificial molecular machines have played an
indispensable role in many chemical and biological processes in
recent decades. Among all kinds of molecular machines, molecular
rotor systems have attracted increasing attention. In this work, we
used density functional theory (DFT) calculations to investigate the
rotational behaviors of on-surface molecular rotors based on
porphyrin, which is a species of molecule with wide biological and
chemical compatibilities. Moreover, our comparative studies
demonstrate that macrocycle metalation, supporting substrate
replacement, and functional group substitutions can effectively
modify the rotational barrier of porphyrin rotors. We believe that
these modification methods can further guide the path to achieve
highly controllable on-surface molecular rotor systems in future
applications.

■ INTRODUCTION
In nature, molecular machines play a unique role in a wide
range of chemical and biological processes.1−5 Molecular
rotors6−9 are a class of nanoscale machines that can convert
external energy, i.e., light,10,11 chemical energy,12−14 elec-
tricity,6,15,16 etc., into controllable rotational motion. Molecular
rotors have attracted special attention in recent decades
because they are the fundamental components of larger
integrated molecular machines.17−19 Cyclic tetrapyrrole
porphyrins are an important kind of chemical compounds in
many biochemistry reactions.20−23 The flexibility in the
molecular geometry of porphyrins opens many opportunities
for engineering their functional properties.24−28 In recent
years, many researchers have focused on porphyrins, including
their molecular luminescence,29−31 molecular spintronics,32−35

and on-surface chemical reactions.36 Porphyrins are known as a
building block in common biological processes such as oxygen
transport in mammalian heme and oxidation reactions in
photosynthetic chlorophyll.20,22 Therefore, the nontoxicity and
adaptability of porphyrins are great advantages in future
biochemistry applications.
Porphyrins adsorbed on solid supporting substrates are

reported as an ideal system to investigate the behaviors of on-
surface molecular rotors.37−42 Their strong rotor−substrate
coupling and their propeller shape make this adsorption system
quite robust during rotational motion. The main advantage of
porphyrin adsorption systems is that their rotational motion is
highly controllable and easy to characterize experimen-
tally.37−42 In addition, porphyrins are chemically active with
a variety of geometric distortions,25,28,43 which allows for

modifying rotational barriers feasibly. This provides oppor-
tunities to engineer the properties of porphyrin-based
rotational systems according to real application needs.
Furthermore, on-surface self-assembled two-dimensional mo-
lecular structures of porphyrins44,45 can also be used to study
the transfer of rotation between molecular gears.46,47 In most
cases, the strong porphyrin−substrate coupling induces
relatively large rotational barriers,28,37 which implies that the
rotational motion cannot occur spontaneously at room
temperature. To excite and control the rotation of porphyrin
molecules adsorbed on substrates, many experimental methods
have been utilized. For instance, electrical pulses in scanning
tunneling microscopy (STM) were applied to excite the
rotation of porphyrin molecules on metallic substrates in the
investigations of Y. Zhang et al.42 and H. Tanaka et al.41 In
addition, the adsorption site and orientation of porphyrins or
other similar molecules with ring structures can be easily
manipulated by STM tip.32,48 As a result, STM-tip
manipulation is considered to be another approach to manage
the rotation of adsorbed porphyrin rotors. Other methods like
inserting chemical ligands40 and shining light10,11 were also
employed to excite the rotation. The rotational motion of
porphyrins adsorbed on substrates can be easily characterized
by surface-probing methodologies, such as STM.40−42
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Herein, we report our density functional theory (DFT)
calculation investigations on some potential approaches to
modify the rotational barrier of single porphyrins adsorbed on
surfaces. The rotational barrier is a key property for molecular
rotor systems. For our porphyrin rotors, the rotational barrier
mainly originates from the adsorption coupling, primarily the
van der Waals force, between porphyrins and sub-
strates.28,49−51 Most studies on porphyrin rotors are mainly
focused on probing or exciting the rotational motion, while
exploration of ways to control or even modify the properties of
porphyrin rotors is still insufficient. In order to fulfill future
application needs, the capability to increase or decrease the
rotational barrier is indispensable. In our work, we have
investigated the value of several approaches, specifically center-
core metalation as well as supporting substrates and functional
groups replacement. It turns out that all of these approaches
are efficient for tuning the rotational barrier of single porphyrin
rotors. These provide feasible choices to engineer the
rotational barrier and speed of molecular rotors in future
applications.

■ COMPUTATIONAL DETAILS
Our density functional theory (DFT) calculations were
performed using the Vienna ad initio Simulation Package
(VASP)52,53 with the ion−electron interaction described by
the projector-augmented wave potential (PAW). We employed
an optimized version of the van der Waals (vdW) density
functional (optB88-vdW) to describe the interaction between

porphyrin molecules and substrates.28,32,45,54,55 For the
substrates Cu(111) and graphite(0001), a 10 × 10 unit-cell
system (see Supporting Information, SI3) with three atomic
layers was employed. During geometry optimization, only the
outermost substrate layer was relaxed, while the deeper two
layers were kept fixed (see Supporting Information, SI2). A
vacuum layer of 20 Å was used to minimize the impact of the
periodic slab structure. All the structural optimizations
employed γ-point-only K-point sampling. While for the
rotational barrier, electron localization function, and adsorp-
tion energy calculations, 4 × 4 × 1 K-point sampling and a
Gaussian broadening of 0.02 eV were used. The plane-wave
cutoff energy was 500 eV in all the calculations. The structures
were found to be stable with all the atomic forces down to 10−2

eV/Å.

■ RESULTS AND DISCUSSION
First, we introduce the system of a single 5,10,15,20-
tetraphenylporphyrin (TPP) molecule adsorbed on a
Cu(111) substrate. On one hand, this basic model can give
us a comprehensive understanding of the behaviors of
porphyrin-based single molecular rotors on metallic substrates.
On the other hand, it can also serve as the reference for a later
comparison of the modified systems. Figure 1a displays the
optimized geometry of the TPP/Cu(111) system. Such TPP/
Cu(111) models are quite common and robust, and their
fundamental properties have been well studied in many
works.56,57 Figure 1b shows a side view of our optimized

Figure 1. (a) Top view and (b) side view of the DFT-optimized geometry of a single TPP molecule adsorbed on a Cu(111) substrate. Hydrogen,
carbon, and nitrogen atoms are identified in white, gray, and blue, respectively. The top (large, red), middle (medium, green), and bottom (small,
yellow) layers of the copper atoms in the Cu(111) substrate are shown in different sizes and colors. The direction of rotation (clockwise) is
identified by a curved red arrow. The adsorption height (defined in the text) is 2.78 Å and marked by a green arrow. (c) Electron localization
function (ELF) of the TPP/Cu(111) system (Isosurface level: 0.65; red for TPP, blue for Cu(111)). (d) Rotational energy barrier (REB) of the
TPP/Cu(111) system, for rotation from 0 to 120°. The energy difference is set to 0 at the 0° point.
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geometry. The TPP molecule adopts a saddle distortion with
its four phenyl rings rotated into propeller-like orientations.
This saddle distortion is totally different from the gas-phase
geometry of TPP, which is planar: the saddle distortion
originates from the strong rotor−substrate coupling, while the
saddle feature can increase the stability of the system.28,56,57

The adsorption height is 2.78 Å, as measured from the center
of the nitrogen ring to the nuclear plane of the nearby top-layer
copper atoms (see Figure 1b). This adsorption height is
consistent with previous experimental results and indicates the
existence of strong coupling between TPP and Cu(111).28,57,58

To further interpret the strength of rotor−substrate coupling,
the adsorption energy (Eads) was calculated by the following
formula:

= − −+E E E Eads sub mol mol sub (1)

where Esub+mol is the total energy of the fully optimized and
complete adsorption system, Emol is the energy of the gas-phase
relaxed molecular rotor, and Esub is the energy of the relaxed
substrate after removal of molecular rotor. The adsorption
energy for the TPP/Cu(111) system is calculated as −4.06 eV.
The electron localization function (ELF) of this adsorption
system is depicted in Figure 1c, with an isosurface level of 0.65.
Both the adsorption energy and the ELF plot evidence the
strong electronic interaction between the TPP molecule and
the Cu(111) substrate.59

To simulate the rotation process, we started with the stable
orientation of TPP on Cu(111), which has the lowest total
energy. Then, we “manually” rotated the TPP molecule
clockwise by 10° about the center perpendicular axis (as
shown in the Supporting Information, SI1) while keeping the
molecular geometry unchanged. Next, we reoptimized the

entire system while freezing the four center nitrogen atoms to
maintain the imposed rotation. By repeating this rotation-
reoptimization process, we produce the rotational energy
barrier (REB) of the TPP/Cu(111) system. The REB plot of
TPP/Cu(111) is shown in Figure 1d. The averaged magnitude
of the two main rotational barriers is around 0.36 eV; the
barriers differ due to the symmetry breaking induced by the
three-fold rotational symmetry of Cu(111) (see Supporting
Information, SI4). Since the rotational barrier is quite large, the
rotational motion of TPP on Cu(111) cannot be spontaneous
near or below room temperature, and this rotational motion is
normally excited by STM-tip manipulation or an external
electrical field in experiments. The low symmetry in the REB
curve is mainly due to the fact that it is hard to perfectly match
the center of mass of the saddle-distorted porphyrin rotors
with the symmetry axes of the substrates in the computational
models. Thus, porphyrin rotors may be slightly off-center
during the entire rotation process. In addition, the strong
rotor−substrate coupling can also cause slight deformation and
off-centering of porphyrin rotors and atom displacements in
substrates during rotation.
We next explored modifications of our single porphyrin

rotor. The first modification, macrocycle metalation or
tetrapyrrole metalation,60−62 originally appeared in nature: it
allows metalloporphyrins to be synthesized. Macrocycle
metalation is very important, since a large variety of properties,
including chemical, electronic, and magnetic, can be
introduced by metalloporphyrins, which in turn enhances
their functionality in metabolic catalysis, molecular electronics,
and photovoltaics.63 As illustrated in Figure 2a, free-base
porphyrins and metal atoms are initially mixed on substrates or
in solutions. With proper annealing conditions, the tetrapyrrole

Figure 2. (a) Schematic diagram of the macrocycle metalation process with a Pb atom, colored dark gray. (b) Side view of the DFT-optimized
geometry of a single Pb-TPP molecule adsorbed on a Cu(111) substrate. The adsorption height is 4.01 Å and marked by a green arrow. (c) ELF of
the Pb-TPP/Cu(111) system (isosurface level: 0.65). (d) REB of the Pb-TPP/Cu(111) system, from 0 to 120°. The energy difference is set to 0 at
the 0° point. (e) Comparison of the REB plots of TPP (black) and Pb-TPP (red) on Cu(111) with the same energy scale.
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core can be self-metalated by the predeposited metal atoms
while the central two hydrogen atoms detach from the nitrogen
atoms. Experimental methods, like surface-enhanced resonant
Raman spectroscopy64,65 and STM,69 have been used to probe
the occurrence of macrocycle metalation. In vacuo surface-
supported metalation is one of the effective ways to synthesize
metalloporphyrins on substrates, and thus, it is considered to
be a good way to synthesize on-surface metalloporphyrin
rotors.63

Many species of metal atoms can be used in macrocycle
metalation.63 In addition to commonly used Fe, Co, Ni, Mn,
and Zn atoms, porphyrin- or phthalocyanine-based molecules
can also be effectively metalated by atoms with a larger atomic
size, like Pb or Bi atoms.66−69 We used lead (Pb) atoms and
TPP in the metalation on Cu(111), resulting in the Pb-TPP/
Cu(111) molecular rotor system. Due to the large atomic size
of the Pb atom, two configurations of Pb-TPP can be found on
the substrate after macrocycle metalation, with the Pb atom
sitting above or below the molecular plane.68,69 We select the
configuration of the Pb atom below the molecular plane as our
single molecular rotor. This is because this configuration
preferentially adsorbs as isolated molecules on most metallic
substrates, and the Pb atom below can bond to the Cu atom in
the supporting substrate as a joint. As shown in Figure 2b, Pb-
TPP, like normal TPP, also prefers a saddle conformation on
Cu(111) after full optimization. This means that the existence
of rotor−substrate coupling can still stabilize the molecular
rotor system and provide a rotational barrier. Because of the
large Pb atom inserted between TPP and the Cu(111)

substrate, the adsorption height of Pb-TPP is increased to ∼4
Å, around 1.2 Å higher than in the TPP/Cu(111) system. In
addition, the decoupling effect of the Pb atom can also be
visualized from the weakened electronic interaction between
molecular rotor (Pb-TPP) and the Cu(111) substrate, as
shown in the ELF graph in panel c (Figure 2). As a result, the
adsorption energy of Pb-TPP on Cu (111) is decreased to
−3.35 eV, which is 0.7 eV lower than for TPP on Cu(111).
Even though the inserted Pb atom decouples the molecular

rotor from the substrate, it still can work as a connection and a
rotational axle for our rotor system (see Figure 2c). Figure 2d
presents the REB plot of Pb-TPP on Cu(111), which is
calculated by using the same method as described in the last
section. As displayed in the plot, the averaged rotational barrier
of Pb-TPP is about 0.023 eV. To directly compare the
rotational barriers of Pb-TPP/Cu(111) and TPP/Cu(111)
systems, we present the REB plots of these two systems on the
same scale in Figure 2e. It is obvious that the rotational barrier
decreased by more than 10-fold after the metalation of the Pb
atom. Therefore, we find that macrocycle metalation can be a
very effective method to modify the rotational barrier of single
porphyrin rotors on surfaces. This modification strategy can
inspire future research on studying the relation between the
rotational behaviors of porphyrin rotors and macrocycle
metalation by many different kinds of metallic atoms.
As we discussed above, the rotational barrier of an on-

surface molecular rotor system originates from the coupling
between the molecular rotor and substrate. In the last section,
we introduced an effective modification, Pb-atom macrocycle

Figure 3. (a) Side view of the DFT-optimized geometry of a single TPP molecule adsorbed on a graphite(0001) substrate. The adsorption height is
3.66 Å and marked by a green arrow. (b) ELF of the TPP/graphite(0001) system (isosurface level: 0.65). (c) REB plot of the TPP/graphite(0001)
system, from 0 to 120°. The energy difference is set to 0 at the 0° point. (d) Comparison of the REB plots of TPP on Cu(111) (black) and on
graphite(0001) (red) with the same energy scale.
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metalation, of the molecular rotor. Next, we instead modify the
substrate. Porphyrin molecules can adsorb strongly on many
metallic substrates, like Cu(111) and Au(111).28,34,50,56−58

Here, we replace the Cu(111) substrate with graphite(0001)
to weaken the rotor−substrate coupling. For a direct
comparison, we still choose a single TPP molecule as our
rotor. On the basis of previous works, porphyrins adsorbed on
graphite or graphene substrates can still form stable adsorption
systems70−73 with a relatively lower molecule−substrate
coupling strength compared with many metallic substrates.73,74

Similar to the TPP/Cu(111) system, we used three layers of
a carbon honeycomb lattice as our graphite(0001) substrate,
relaxing the top layer and freezing the two deeper layers during
geometry optimization (see Figure 3a). The optimized
conformation of a single TPP on graphite(0001) is presented
in Figure 3a. The single TPP molecule again prefers a saddle
distortion due to the rotor−substrate coupling, which is very
similar in magnitude to the adsorption on Cu(111) before and
after metalation; however, the adsorption height is now 3.66 Å,
which is ∼0.9 Å higher than in the TPP/Cu(111) system. The
adsorption energy of TPP/graphite(0001) is also much lower
than that of the TPP/Cu(111) system, which is around −2.92

eV, and even lower than that of the Pb-TPP/Cu(111) system.
Figure 3b displays the ELF of the TPP/graphite(0001) system.
Compared with the ELF of the TPP/Cu(111) system (Figure
1c), the electronic interaction between the rotor and substrate
is much weaker (less electronic overlap) in the TPP/
graphite(0001) system. This is mainly due to the increased
rotor−substrate distance and the different shell structure of
graphite substrate. On the basis of the increased adsorption
height, lower adsorption energy, and weaker electronic
interaction in the TPP/graphite(0001) system, we can deduce
that the rotational barrier of TPP/graphite(0001) will be lower
than for the TPP/Cu(111) system. This is confirmed by the
REB plot of the TPP/graphite(0001) system shown in Figure
3c. The averaged magnitude of the rotational barrier is
calculated as 0.025 eV. Again, the rotational barrier of TPP/
graphite(0001) is more than 10-fold smaller than in the TPP/
Cu(111) system. Figure 3d compares the rotational barriers of
the TPP/graphite(0001) and TPP/Cu(111) systems. It is
obvious that the rotational barrier of TPP/graphite(0001) is
much lower than that of the TPP/Cu(111) system. On the
basis of the results for the TPP/graphite(0001) system, we find
that replacing the substrate can be another very effective

Figure 4. (a) Top view and (b) side view of the DFT-optimized geometry of a single S4TPP molecule adsorbed on a Cu(111) substrate. Sulfur
atoms are identified in yellow. The adsorption height of S4TPP is 2.89 Å, which is marked by a green arrow. The insets zoom in on the tilting and
downward bending of the sulfur atoms. (c) ELF of the S4TPP/Cu(111) system (isosurface level: 0.65). (d) REB of the S4TPP/Cu(111) system,
from 0 to 120°. The energy difference is set to 0 at the 0° point. (e) Comparison of the REB plots of TPP (black) and S4TPP (red) on Cu(111)
with the same energy scale.
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method for modifying the rotational barrier of the on-surface
porphyrin rotor system.
In the previous two sections, we have introduced two

potential modification methods, macrocycle metalation and
substrate replacement, which can effectively reduce the
rotational barrier of single porphyrin rotors on surfaces.
However, in order to fulfill practical application needs,
increasing the rotational barrier may also be desirable. In this
section, we will discuss one way to achieve this. The hydrogen
atoms on the side phenyl rings or the side phenyl rings
themselves on the porphyrin macrocycle can be replaced by
many other kinds of atoms or functional groups. The resulting
systems not only can be very robust but also can have greatly
enhanced rotor−substrate interactions.28,43,75,76 Utilizing this
property, we choose sulfur atoms to replace the four hydrogen
atoms on the four side phenyl rings of TPP and obtain a
S4TPP molecular rotor. Because the four sulfur atoms in
S4TPP are not saturated by hydrogen atoms, each has one
unpaired electron. These unpaired electrons can strongly
enhance the rotor−substrate interaction and increase the
rotational barrier.
The optimized molecular geometry (top view) of S4TPP on

Cu(111) is shown in Figure 4a. The whole adsorption system
is quite stable after geometry optimization, and S4TPP has a
saddle distortion, which is similar to the previous cases. When
we zoom into the optimized geometry of S4TPP, we find two
special features: the sulfur atoms are tilted and bent down
toward the substrate (see the insets in Figure 4a and b). Due to
this displacement of the sulfur atoms, the average adsorption
height of the four sulfur atoms (2.08 Å) is ∼0.8 Å less than the
adsorption height of the porphyrin macrocycle (2.89 Å), as
shown in Figure 4b. Since the interaction between the four
sulfur atoms and the substrate is very strong (also see the ELF
graph in Figure 4c), they have greatly enhanced the overall
rotor−substrate interaction. As a result, the adsorption energy
of S4TPP/Cu(111) is much higher than in the previous cases,
namely about −12.54 eV. Figure 4d shows the REB plot of the
S4TPP/Cu(111) system. The average rotational barrier of
S4TPP/Cu(111) is about 0.75 eV, which is more than double
that of the TPP/Cu(111) system. This significant increase of
rotational barrier can be clearly visualized in the comparison of
the REB plots in Figure 4e. Therefore, we can find that
replacing the atoms or functional groups on porphyrin rotors
can significantly modify the rotational barrier with high
freedom as well.

■ CONCLUSIONS
To summarize, using DFT calculations, we first investigated
the rotational motion of a porphyrin molecular rotor, TPP, on
a metallic substrate, Cu(111). Moreover, our comparative
studies show that macrocycle metalation and substrate
replacement are both very effective modification methods
that can greatly reduce the rotational barrier of porphyrin
rotors, namely by an order of magnitude. On the other hand,
we also demonstrate that substituting the functional groups
attached on the porphyrin enables the rotational barrier to be
more than doubled. Therefore, our studies provide several
effective modification methods to achieve highly controllable
on-surface molecular rotor systems in future applications.
These modification strategies can also inspire further research
in this field.
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