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ABSTRACT: The porphyrin macrocyclic core features dynamic conforma-
tional transformations in free space because of its structural flexibility. Once
attached to a substrate, the molecule−substrate interaction often restricts this
flexibility and stabilizes the porphyrin in a specific conformation. Here using
molecular dynamic and density-functional theory simulations and scanning
tunneling microscopy and spectroscopy, we investigated the conformation
relaxation and stabilization processes of two porphyrin derivatives (5,15-
dibromophenyl-10,20-diphenylporphyrin, Br2TPP, and 5,15-diphenylporphyrin,
DPP) adsorbed on Au(111) and Pb(111) surfaces. We found that Br2TPP
adopts either dome or saddle conformations on Au(111) but only the saddle
conformation on Pb(111), whereas DPP deforms to a ruffled conformation on
Au(111). We also resolved the structural transformation pathway of Br2TPP
from the free-space conformations to the surface-anchored conformations.
These findings provide unprecedented insights revealing the conformation
adaptation process. We anticipate that our results may be useful for controlling the conformation of surface-anchored porphyrin
molecules.

Cyclic tetrapyrrole porphyrins play key roles in many
important chemical and biological processes,1−4 such as

oxygen transport in heme (iron porphyrin), electron transfer,
and oxidation reactions in photosynthetic chlorophyll (magne-
sium porphyrin). The structural flexibility of porphyrins allows
their macrocyclic core to be distorted into nonplanar
conformations.5−11 For example, outside a protein micro-
environment, the heme macrocycle is nearly planar, while
within the microenvironment it can be distorted into nonplanar
conformations, which is thought to be critical for the functions
of porphyrin-containing proteins.12 Similarly, nonplanarity in
synthetic porphyrins has been found to be associated with their
redox potential, axial ligand affinity, spin state, excited-state
lifetimes, and rate constants for metalation insertion.12 This
conformation−function relationship has given rise to the
concept of “conformational control”;13−17 that is, the macro-
cycle conformation is tailored to achieve desired physicochem-
ical properties. Various methods have been developed to
control the conformation of the porphyrin macrocycle,
including substituting bulky groups at the peripheral sites to
introduce steric repulsion, metallating the macrocycle with

metal centers and anchoring axial ligands at metal-porphyr-
ins.12,18,19

Recently, surface-anchored porphyrins have been extensively
studied in light of potential applications in single-molecule
electronics and magnetism, photovoltaic, sensing, and hetero-
geneous catalysis.20,21 As adsorbed on a surface, the molecule−
substrate interaction restricts the structural flexibility, and the
macrocycle core often adopts specific conformations, some
rarely happen in free space.22−24 In this regard, surface
adsorption provides a route to control conformation and
hence functionality of porphyrins. However, the dynamic
pathway of the conformation transformation when porphyrins
are adsorbed on surface is largely elusive. In this study, we used
complementary theoretical and experimental methods to
unravel the dynamic process of conformational change as well
as the thermodynamic equilibrium structures of two porphyrin
derivatives adsorbed on a Au(111) and a Pb(111) surfaces.
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In free space, the porphyrin macrocyclic cores exhibit six out-
of-plane normal deformations: saddle (sad), dome (dom),
ruffled (ruf), waves (wav-x and wav-y), and propeller
(pro).12−17 Each of these conformations corresponds to a
lowest frequency normal mode of a symmetry type. Scheme 1

depicts three of them that were found to be stabilized on the
surfaces in our study: The sad features pyrrole rings tilted
alternately up and down, the dom or inverted dome (dom*)
features four pyrrole rings tilted in the same direction, and the
ruf features meso carbons displaced alternately up and down.25

We found that the free-space molecules undergo a multiple-
step conformational transformation on the surface before
reaching the equilibrium states. We also demonstrated that the
conformation of the surface-adsorbed porphyrin depends on
the choice of surface or the peripheral groups.
The first molecule we studied is 5,15-dibromophenyl-10,20-

diphenylporphyrin (Br2TPP). We used DFT to analyze Br2TPP
adsorbed on a three-layer Au(111) slab. Initially, we set the
molecule in six conformations (planar, dom, dom*, pro, ruf, and
sad) and relaxed these structures at different adsorption sites
and heights on top of the Au(111) slab. The calculations
revealed that, except ruf, the rest of the five conformers could
converge to energetically stable configurations. Figure 1 shows
the optimized structures of the five conformers. The adsorbed
molecule retains their initial conformational characteristics.
Table 1 lists the corresponding adsorption height (the
porphyrin macrocycle plane to the top layer Au atoms),
adsorption energy, and distortion energy. The adsorption
energy is defined as Eadsorption = EAu + Em − Etotal, where Etotal is
the energy of the molecule with the Au slab, EAu is the energy of
the Au slab, and Em is the energy of a free-space Br2TPP
molecule at its ground state, which is in a planar conformation.
The distortion energy is defined as Edistortion = Econformer − Em,
where Econformer is the energy of the same structures, as shown in

Figure 1 but without the Au(111) slab. Edistortion thus quantifies
the cost of distorting a planar molecule to a specific
conformation in free space. It can be viewed as an energy
barrier for a ground-state molecule in free space to reach a
specific conformation adsorbed on the surface. As listed in
Table 1, among the five structures, the sad conformer is
adsorbed with the highest adsorption energy (2.16 eV), also
with the highest distortion energy (0.49 eV). Therefore, this
structure is energetically most favored but kinetically slow to
reach. The second most stable structure is the dom* conformer
(1.35 eV) with lower distortion energy (0.41 eV). The pro
conformer features intermediate adsorption energy (1.21 eV)
and distortion energy (0.38 eV). The dom and planar
conformers are weakly adsorbed (0.73 and 0.91 eV), but the
dom has a much high distortion energy. Overall the dom is an
unfavored structure both energetically and kinetically.
In Figure 2, we plot the DFT-calculated vertical heights of

the atoms with respect to the top atom plane of the substrate of

the two stable conformers of dom* and sad on Au(111). In the
dom* conformer (Figure 2a), all four pyrrole moieties bend

Scheme 1. Nonplanar Conformations of the Macrocylic Core
of Porphyrins Identified in This Studya

a(a) Saddle (sad), (b) inverted-dome (dom*), and (c) ruffled (ruf).
Black and red dots indicate displacements on opposite sides of the
mean plane.

Figure 1. DFT-optimized structures of five conformers stabilized on Au(111).

Table 1. DFT-Optimized Height, Adsorption Energy, and
Distortion Energy of Br2TPP of Five Converged Structures
on Au(111)

conformation planar pro dom dom* sad

adsorption height (Å) 3.95 3.80 3.80 3.50 3.75
adsorption energy (eV) 0.91 1.21 0.73 1.35 2.16
distortion energy (eV) 0.08 0.38 0.45 0.41 0.49

Figure 2. Vertical heights of the porphyrin atoms with respect to the
top-layer surface atom plane (only two phenyl groups are shown on
the two sides). (a) dom* Br2TPP on Au(111). (b) sad Br2TPP on
Au(111). (c) sad Br2TPP on Pb(111). (d) ruf DPP on Au(111). Blue:
N, black: C.
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upward in the same manner, while the peripheral phenyl groups
(two are plotted on two sides) lie nearly parallel to the
substrate. The sad conformer (Figure 2b) features pyrrole
moieties displaced alternately up and down. The peripheral
phenyl groups are tilted with respect to the surface.
All conformers are at a height >3.5 Å above the top atom

layer of the surface, implying the molecule does not form
strong chemical bonds but interacts weakly with the substrate
atoms. Presumably, the conformers undergo dynamic structural
relaxation at finite temperatures. The DFT calculations only
provide the ground-state energy and structure, that is, at zero
temperature. We applied molecular dynamics (MD) simulation
to obtain the dynamic conformations at the experimentally
relevant temperatures. We first simulated the conformation
dynamics for a free-space molecule. Considering that the planar
is the lowest-energy conformation in free space, we set it as the
initial conformation in the free space and sampled the
structures at 550 K, comparable to the temperature of
evaporating Br2TPP in the experiments. The simulations
revealed that the molecule was transformed alternatively
among planar, pro, and dom (dom*) conformations, as depicted
in Figure 3, in two independent 500 ns MD trajectories. The

sad conformation was not observed in the MD trajectories.
These results corroborate the DFT-calculated distortion energy
of these conformers shown in Table 1.
Next, we used MD simulations to resolve the structural

relaxation of the planar and dom* conformers when they are
adsorbed on a Au(111) substrate. As the snapshots show in
Figure 4a,b, the planar conformer quickly transformed to a sad
conformation within 4 ps at 250 K (the substrate temperature
when the molecules were deposited). In sharp contrast, at the
same temperature, the dom* conformer retained its con-
formation for 2000 ps before transforming to an intermediate

conformation and finally reached the sad conformation after 35
ns (see Movies in the SI). Transitions among different
conformations (sad, dom*, and planar) were simulated using
metadynamics path-collective-variables simulations (SI, ref S
13), revealing that the dom* conformation is metastable with a
small free energy barrier (∼10 kJ/mol) and preventing its
transition toward the sad conformation (Figure S5a), while the
planar-to-sad transition is barrier-free (Figure S5b). We also
simulated the cooling processes of Br2TPP on Au(111) (SI).
Figure 4c presents the statistical analysis of the final
conformations obtained from 100 paralleled cooling MD
simulations of each case. While the system cools from 250 to
5K (the STM imaging temperature), the molecules in the dom*
conformation are very stable, with >80% of them still keep their
conformations unchanged. However, under the same condition,
>70% of the planar ones change into the sad conformations.
We also carried out the MD simulations at higher temperatures
(300, 350, and 450 K) and found that the lifetime of the dom*
is shortened (Table S1), while the sad conformer is preserved
at the same temperatures in the whole trajectories.
The DFT and the MD results thus unravel a unified picture

of how the molecule adapts the surface adsorption: In free
space, the planar conformation is energetically most favored
and the sad is the least favored, while at 550 K the planar
conformation could alternatively transform among the planar,
the pro, and the dom conformations but not to the sad. Upon
adsorption on a Au(111) surface, however, the sad becomes the
energetically most stable conformation, followed by the dom*
and pro. At 250 K, the planar conformer quickly transforms to
the sad conformation, while the dom* has a longer lifetime
before transforming to the sad.
Experimentally, we deposited Br2TPP molecules on a clean

Au(111) substrate held at 250 K and transferred the sample to
a scanning tunneling microscope (STM) stage cooled to 5 K.
Figure 5a is an STM topograph showing, at lower molecular
coverage, the molecules organized into dimers and, at higher
coverage, the molecules formed long chains (Figure S1).
Careful inspection of the STM data revealed two distinctive
configurations of the molecules (Figure 5b, two upper panels):
Configuration I (conf-I) features a groove along the central axis
of the molecule with two central protrusions on each side,
which resembles the previously reported saddle-shape con-
formation.26,27 Configuration II (conf-II) appears flat without
internal corrugations. Surface-adsorbed porphyrins often
exhibit distinctive topographic and electronic characteristics
originating from various mechanisms, for example, deprotona-
tion or metalation of the macrocyclic core,28−31 proton
tautomerization,32−34 adatom attachment,35 or adsorption-
site-dependent conformational variation.36 We have conducted
series control experiments and concluded that these effects
cannot explain the two configurations observed here (SI).
The theoretical analysis presented above suggests that the sad

and dom* conformers are the two most likely structures. Here
we compare the experimental-resolved topographic and
electronic features of conf-I and conf-II with the sad and
dom* conformers. Figure 5e (two upper panels) shows the
simulated images of the two conformers. The simulated image
of the sad conformer (red frame) reproduces the two-
protrusion feature of the conf-I molecules in the STM
topographs (Figure 5b, upper panels), while the simulated
image of the dom* conformer (black frame) features a square
shape with a dent in its center, which is absent in the STM

Figure 3. Three conformations of Br2TPP in free space found in the
550 K MD trajectories.

Figure 4. Snapshots of MD simulations for Br2TPP to adopt the (a)
planar and (b) inverted-dome (dom*) conformations adsorbed on a
Au(111) substrate. (c) Populations of the final conformations of
Br2TPP obtained from 100 paralleled temperature-annealing MD
simulations initialed from the dom* (left panel) and planar
conformations (right panel), respectively. inter stands for the
intermediate structures.
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image of the conf-II molecule. We attribute the absence of the
central dent to tip convolution effects in STM data acquisition.
Figure 5d (upper panel) presents the differential tunneling

(dI/dV) spectra acquired at the molecules of the two
configurations. The conf-I spectrum (in red) has a broad
peak at 1.6 V and a sharp, half-height peak at −0.8 V. The conf-
II spectrum (in black) has a strong peak at 1.0 V and a shallow
step at −1.3 V. The DFT-calculated projected densities of
states (PDOS) of the two conformers are plotted in Figure 5d
(lower panel). The HOMO and LUMO levels of the dom*
conformer are downshifted relative to those of the sad
conformer, which is consistent with the shift in the dI/dV
peaks of conf-II relative to the peaks of conf-I. STS maps of
molecules in the two configurations at the characteristic
energies are shown in Figure 5b (middle and lower panels).
The occupied states of both configurations display two lobes
symmetrically positioned with respect to the central axis. The
empty states of the two configurations display quite different
spatial distributions: conf-I shows four lobes separated by two
orthogonal central axes, whereas conf-II shows two half-moon
shapes divided by a groove along the central axis. These STS
maps can be compared with the DFT-simulated constant height
contour maps of HOMO and LUMO, as shown in Figure 5e
(middle and lower panels). The HOMO maps of the two
conformers are nearly identical, with both showing two
protrusions. In contrast, the LUMO maps of the two
conformers are quite different: The sad conformer displays a
4-fold pattern, while the dom* conformer displays a 2-fold
pattern. The HOMO and LUMO contour maps of sad match

well the occupied and empty states of the conf-I resolved by
STS (Figure 5b), while the HOMO and LUMO contour maps
of dom* match the occupied and empty states of conf-II
molecules. Taken together, comparison of the experimentally
resolved topographic and electronic data with the DFT results
supports the assignment of the conf-II (conf-I) to the dom*
(sad) conformer.
We found that annealing the sample to 450 K raised the

population of conf-I molecules from 25 to 75% (SI), indicating
that thermal excitation may convert dom* conformers to sad.
We also used the STM tip to convert dom* conformers to sad.
An example of a sequential conversion of a covalently linked
dimer, which was formed by 450 K annealing, is shown in
Figure 5c: In the first step, a 2 V voltage pulse was applied
when the tip was positioned on top of the upper molecule; after
acquiring an STM image the second 2 V pulse was applied to
the lower molecule. The conversion did not displace or rotate
the molecule, indicating that the conversion involves a subtle
conformation change. Such tip-induced conformation con-
version was reported before.37 It is worth noting that the
molecules cannot be changed from conf-I to conf-II using tip-
applied voltage pulse. Both thermal- and electron-excited
conversions manifest that the dom* conformers can be
transformed to sad but not vice versa, which agrees with the
DFT-calculated energies of the two structures and the MD-
simulated temperature-dependent structural transformation.
Here we discuss the effects of surface and periphery groups

to the conformation adaptation. To investigate the surface
effects, we used Pb(111) as the substrate. We deposited
Br2TPP on Pb(111) following the same procedure as on
Au(111). Figure 6a is an STM topograph showing that the

Br2TPP molecules formed close-packed islands on Pb(111).
The molecules show bright protrusions at their four corners
and a dark depression in the center. Thorough inspection
revealed that all molecules exhibit the same features, evidencing
that the Br2TPP molecules adopt a single conformation on
Pb(111). We applied DFT to analyze sad and dom* conformers
of Br2TPP on Pb(111). The adsorption energy is 1.89 eV for
the sad conformer and 0.72 eV for the dom* conformer. On
both surfaces, the sad conformers are adsorbed strongly (2.16
eV on Au(111) and 1. 89 eV on Pb(111)) as compared with
the dom* conformers (1.35 eV on Au(111) and 0.72 eV on
Pb(111)). Nevertheless, Pb(111) renders weaker molecule−

Figure 5. (a) STM topograph of Br2TPP molecules on Au(111).
Inset: Chemical structure of Br2TPP (red dots indicate Br). (b) Upper
panels: STM topographs of a conf-I molecule (left) and a conf-II
molecule (right). Middle and lower panels: STS maps of a conf-I
molecule (left) and a conf-II molecule (right) acquired at the indicated
voltage. (c) STM topographs showing conversion of a dimer from
conf-II to conf-I. (d) Upper panel: dI/dV spectra of molecules with
each configuration. Lower panel: DFT-calculated projected densities of
states (PDOS) of the two conformers. (e) Simulated STM images and
constant-height PDOS contour maps of the sad (left) and dom*
(right) conformers at the indicated energy (STM image conditions:
−1 V and 0.3 nA. Scale bars: 2 nm.).

Figure 6. (a) STM topograph of a close-packed island of Br2TPP on
Pb(111) (image conditions: 5.5 × 5.5 nm2, −1 V, and 0.1 nA). (b)
Upper panel: molecular dI/dV spectrum. Lower panel: PDOS of a sad
conformer. (c) STS maps at the indicated bias voltage. (d) DFT-
optimized structure of a sad conformer. (e) Constant-height PDOS
contour maps of a sad conformer at the indicated energies.
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substrate interaction for both conformers. Presumably, the
dom* conformers undergo faster structural transformation as
deposited on Pb(111) and relax to the sad conformation in very
short time. This explains the experimental observation that only
one type of molecules was present on Pb(111). In other words,
the weaker molecule−substrate interaction makes Pb(111)
more selective in adapting the molecular conformation.
The intramolecular features resolved in Figure 6a appear

differently from those shown in Figure 5b despite the fact that
both are of the sad conformation. To understand this
difference, we inspected the electronic structures of Br2TPP
on Pb(111). A dI/dV spectrum (Figure 6b) shows two split
peaks at 0.8 and 1.0 V, which contrasts the single broad peak
shown in Figure 5d. The spatial distribution of the two peaks is
depicted in the STS maps shown in Figure 6c. Both maps
feature a depression line dividing the molecule into two halves.
(Note that the dividing lines of the two maps are perpendicular
to each other), which is different from the four-lobe map shown
in Figure 5b. The calculated PDOS (Figure 6b, lower panel)
nicely reproduces the two-peak features resolved in the dI/dV
spectrum, showing a peak at 0.44 eV and one at 0.57 eV. The
PDOS contour maps at the two peak energies are displayed in
Figure 6e, which are comparable to the STS maps (Figure 6c).
To trace down the origin of the differences exhibited by the

sad conformer on Au(111) and Pb(111), we compare the
vertical heights of the atoms of the sad conformers adsorbed on
Au(111) and on Pb(111), as presented in Figure 2b,c,
respectively. The atoms of both conformers exhibit the same
pattern of distortion. However, the displacements from the
mean molecular plane on Pb(111) are ∼25% larger than those
on Au(111), indicating that the sad conformer is more distorted
on Pb(111). This larger distortion of the macrocyclic core lifts
the degeneracy of two LUMOs, which are 90° rotated with
respect to each other in a planar porphyrin,38,39 to result in the
split double peaks and the 90° rotated STS maps.
Last, to study how peripheral groups affect the conformation

adaptation, we designed a molecule bearing two phenyl
moieties at positions 5 and 15 of the porphyrin (5,15-
diphenylporphyrin, DPP, chemical structure shown in Figure
7a). STM images revealed that as adsorbed on Au(111), the

DPP molecules appear in an elliptical shape, with two bright
ends that can be assigned to the two phenyl moieties and a
depression in the porphyrin core (Figure 7b). All molecules in
the STM image show the same features (Figure S3). So we
conclude that DPP molecules adopted a single conformation on
Au(111).
Considering that the ruf conformation matches the two-fold

symmetry of the molecule, we carried out DFT analysis on a ruf
and a sad conformers on Au(111). The adsorption energies are
1.75 eV for ruf and 0.82 for sad. Therefore, it is expected that at
room temperature the ruf conformers are stably adsorbed on

Au(111). Figure 7c shows the DFT-optimized structure of the
ruf conformer. The two phenyl moieties stand upright, and the
macrocyclic core shows a ruffled distortion. The ruf
conformation is evident in Figure 2d, which shows that the
displacement of the two pyrrole moieties on the left (with
respect to a central atom) is a mirror reflection of the
displacement of the two pyrrole moieties on the right and both
sides bend upward. The two phenyl groups erect on the surface
with an outstanding height (note that the phenyl atoms are
plotted on a different scale). The DFT-simulated STM image of
the ruf conformer (Figure 7d) shows two bright protrusions
corresponding to the erecting phenyl groups and a ruffled
macrocylic core with a depression. This map agrees fairly well
with the STM image (Figure 7b). In contrast, the simulated sad
conformer appears very different from the STM data (see
Figure S4). Interestingly, the ruf conformation is unstable for
Br2TPP but becomes stable for DPP; whereas the most stable
sad conformation for Br2TPP becomes less stable for DPP. This
comparison exemplifies that removing/attaching periphery side
groups may drastically change the energy landscape of specific
conformers adsorbed on a surface. Three main effects of
periphery side groups are at work: (1) steric repulsion with the
macrocyclic core, (2) interaction with the substrate, and (3)
raising the macrocyclic core from the substrate. The
conformation of the macrocylic core is determined by a subtle
balance of the three effects. Hence we propose that periphery
substitution is an effective mean to control the conformation of
the porphyrins adsorbed on surfaces.
In summary, we have investigated the dynamic conformation

adaptation processes of porphyrin molecules as being adsorbed
on surfaces. Our results evidence that the macrocyclic core of
the surfaces-adsorbed porphyrin molecules can be distorted to
the conformations (dome or ruffled) that are not present or are
less stable in free space, highlighting the prominent roles of the
molecule−substrate interaction in determining the porphyrin
conformation. The atomic modeling allows us to resolve the
detailed pathway of the surface-induced structural trans-
formation. Moreover, our comparative studies of choosing
different surfaces and molecules with different periphery groups
shed light on the effects of these parameters.
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