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Selectivity in chemical reactions is a major objective in industrial processes to minimize spurious byproducts
and to save scarce resources. In homogeneous catalysis the most important factor which determines selectivity
is structural symmetry. However, a transfer of the symmetry concept to heterogeneous catalysis still requires
a detailed comprehension of the underlying processes. Here, we investigate a ring-closing reaction in surface-
confined meso-substituted porphyrin molecules by scanning tunneling microscopy, temperature-programmed
desorption, and computational modeling. The identification of reaction intermediates enables us to analyze
the reaction pathway and to conclude that the symmetry of the porphyrin core is of pivotal importance
regarding product yields.
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Selectivity in surface chemical reactions is of
paramount importance in the development of future cat-
alysts and devices.[1] Not only does selectivity have a
substantial impact on the efficiency of a given process, it
also leads to reduced yields of spurious byproducts.[1c,2]

Although bond-selective chemical transformations can be
achieved through photocatalysis[3] or singlemolecule ex-
periments using scanning tunneling microscopy (STM),[4]

by far the leading driver of selectivity is structural
symmetry.[5] Most notably, structural symmetry is cru-
cial in biological processes[6] and large-scale production
of fine chemicals,[7] including synthesis routes to both or-
ganic and inorganic compounds,[8] especially by homoge-
neous catalysis.[9] However, bestowing selectivity on solid
surfaces, that is, extension to heterogeneous catalysis, is
still largely in its infancy though it is a field that has
attracted a great deal of attention.[1c,10] Parameters that
can drive selectivity in on-surface chemistry comprise sur-
face reactivity[11] and structure,[12] as well as the molec-
ular geometry.[13]

Cyclodehydrogenation reactions are currently em-
ployed in the on-surface syntheses of fullerenes,[14]

graphene nanoribbons,[13c] tailored nanographenes[13b] as
well as carbon nanotubes.[15] So far the possibility to
steer selectivity into this class of surface-assisted reac-
tions has not been explored. Here, we study a cyclodehy-
drogenation or ring-closing reaction, with a selective[1a]

outcome which is determined by the intrinsic symmetry
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FIG. 1. *

Scheme 1. Dehydrogenative ring-closing reactions for a
Ru-tetraphenyl-porphyrin (Ru-TPP) (top) and a

2H-tetraphenyl-porphyrin (2H-TPP) (bottom) with
markedly different product yields as indicated for adsorbed

species.

of the molecule (Scheme 1).
Ring-closing and -fusing reactions on porphyrins

are well-studied in solution,[16] however as reported
recently,[17] free-base tetraphenylporphyrin (2H-TPP)
molecules undergo several cyclodehydrogenation reac-
tions upon annealing on a Ag(111) surface (Scheme
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1, bottom). In solution, this type of fusion of
a meso substituent and the porphyrin periphery is
usually metal-catalyzed, for example, for meso-linked
dibenzo[a,g ]corannulene- porphyrin it is mediated by
FeCl3 at room temperature (RT).[18] Although four dif-
ferent reaction products could be identified by STM,
the formation of a specific species (A in Scheme 1) is
clearly favored.[16a,17b] By solution synthesis, the Zn-
metalated species A can be obtained from a Zn-TPPBr4
precursor molecule, brominated at the appropriate po-
sitions of the porphyrin periphery.[16a] Hitherto this se-
lectivity has not been addressed explicitly and has of-
ten been misidentified.[17a,19] With submolecular resolu-
tion of STM, we identify reaction intermediates providing
a direct insight into the reaction pathway. Comparison
with density functional theory (DFT) calculations of the
ground state energies of the reaction intermediates indi-
cates that the twofold symmetry of the 2H-TPPs core,
which is defined by the position of the H atoms, de-
termines the reaction outcome. To substantiate this in-
terpretation, related Ru-TPP species (Scheme 1) with a
fourfold core, are subjected to a similar treatment. In-
deed, the higher symmetry entails a significant decrease
in the selectivity of the ring-closing reactions.

Room-temperature deposition of either Ru-TPP or 2H-
TPP molecules onto a Ag(111) substrate leads to the
formation of extended islands (see Figure 1a and c, a
single Ru-TPP and a single 2H-TPP are outlined in
red and green, respectively).[20] The molecules form a
dense-packed layer stabilized by T-type interactions be-
tween the terminal phenyl groups.[20,21] Annealing 2H-
TPP molecules to temperatures between 530 K and 620
K for 10 min induces dehydrogenation reactions and the
formation of C−C bonds between the phenyl rings and
the macrocycle resulting in planar porphyrin derivatives
(PPDs, see Figure 1d and Scheme 1).[17] Consequently,
the phenyl rings can no longer interact via T-type in-
teraction and thus regular islands of PPDs are not ob-
served. Otherwise, intermolecular distances at low cov-
erages imply no long-range repulsive interaction between
the molecules (see Figure S1). Upon annealing Ru-TPP
molecules to 620 K the same ring-closing reactions as de-
scribed for the 2H-TPP molecules take place. Four dif-
ferent PPDs are observed in high-resolution STM images
(see Figure 1b and Figure S2) and the tentative struc-
tural models are shown in Scheme 1.

However, the occurrence of the four reaction products
is very different for both molecules, as can be seen in
Figure 1e, where the respective occurrence of all four
species (A to D) is shown. For Ru-TPP, species B and
C amount to slightly more than 30% each and species
A and D to less than 20% each. On the contrary, the
reaction is very selective for 2H-TPP, where 86% of the
PPDs appear as species A, only 12% as species B and
less than 3% as C or D.

The bright features in Figure 1d (one such feature
marked by a black circle) are attributed to partially flat-
tened molecules. As will be shown below, such inter-

FIG. 1. STM images, product distributions and TPD spec-
tra of Ru-TPP and 2H-TPP and their respective cyclodehy-
drogenation products on Ag(111). a) A monolayer of Ru-
TPP molecules after room-temperature (RT) deposition, in-
set: structural model of Ru-TPP (C, N, Ru, and H atoms
are indicated in cyan, blue, red, and white, respectively). b)
Planar Ru-porphyrin derivatives after annealing the surface
shown in (a) to 620 K for 10 min, a) and b) imaged at RT,
molecules stabilized by high coverage. c) a monolayer of 2H-
TPP molecules after RT deposition, inset: structural model
of 2H-TPP. d) Planar porphyrin derivatives after annealing
the surface shown in (c) to 560 K for 10 min, c) and d) imaged
at 6 K. e) Histogram of different planar porphyrin derivatives
for Ru-TPP (red) and 2H-TPP (green) molecules (for labels
A to D see Scheme 1). Several hundred molecules were sam-
pled for both histograms. f) TPD spectra measured from a
multilayer coverage of 2H-TPP molecules showing dehydro-
genation (black line) and molecular desorption (green line:
m/z 59, indicative of 2H-TPP desorption) at a heating rate
of 0.5 Ks−1. [a) 1.4 V, 0.06 nA, b) −1.2 V, 0.05 nA, c) −0.8
V, 0.2 nA, d) −0.3 V, 0.1 nA].

mediate species with some upstanding (unreacted) and
some planar (reacted) phenyl rings are observed where
the former show a larger apparent height than the latter.

Annealing to temperatures above 670 K leads to poly-
merization reactions between the molecules by C−H ac-
tivation and formation of new intermolecular C−C bonds
(see Figure S3), similar to the homocoupling of porphine
molecules on Ag(111).[22]

To assess the proposed dehydrogenation and to de-
termine its onset temperature, temperature-programmed
desorption (TPD) experiments were carried out mon-
itoring the desorption of both 2H-TPP and hydrogen
molecules. In Figure 1f the TPD spectrum for m/z
(mass-to-charge ratio) 59, a fragment of the unreacted
molecule, with a heating rate of 0.5 Ks−1 shows a pro-
nounced peak at 470 K (a) with an onset at ∼ 450 K and
a broad feature (b) extending over the range in which
flattening occurs (see also Figure S7). Peak (a) is as-



3

signed to the desorption of the multilayer, which leaves
behind a densely packed monolayer, and although it is
not clear whether the latter feature (b) relates entirely to
the flattening, clearly some of the densely packed mono-
layer must desorb during this process, as the product
species have larger surface footprints than the unreacted
2H-TPP (by ∼ 11% based on the highest packing densi-
ties observed by STM). On the other hand, the H2 TPD
spectrum displays a dominant peak (c) which extends
over a broad temperature range and has its onset at
∼ 500 K, a value that agrees well with the temperature
at which the flattening is observed by STM. Note that
a shoulder is present at higher temperatures, however as
shown in Figure S8 in the Supporting Information, this
desorption feature seems to have a higher reaction order
than the H2 originating from the flattening process, as
implied by its variance in temperature as a function of
coverage. This suggests that this shoulder is related to
the release of H2 resulting from polymerization of flat-
tened 2H-TPP (Figure S3). One has to mention here
that it is known from X-ray photoelectron spectroscopy
(XPS) that the central nitrogen atoms do not dehydro-
genate upon annealing at ∼ 550 K.[17]

Considering that the TPD experiments indicate an on-
set temperature for the cyclodehydrogenation reaction of
∼ 500 K, a multilayer of 2H-TPP molecules on Ag(111)
was annealed to 520 K for 10 min. After subsequent cool-
ing to 6 K different molecular species can be observed.
About one fifth of the molecules appear as unreacted 2H-
TPP molecules (Figure 2a), an even smaller amount is
completely flat on the surface (Figure 3, bottom panel).
The rest of the molecules are partially flattened (Figure
2b–d), the upstanding phenyl rings are evident in the
STM images by their higher apparent height (see line
profile in Figure S4). Thus, we can conclude that the
reaction proceeds in multiple steps, affording reaction in-
termediates.

In general, the probability to undergo a chemical re-
action is mainly dependent on its reaction barrier rather
than the energetic difference between the reactant and
the product. However, based on the following arguments,
we rationalize the reaction pathway by DFT ground state
calculations of isolated species. Since the reaction takes
place at elevated temperatures, where a portion of the
molecules desorbs and the interaction with the surface
is substantially weakened, a situation which is poorly
described by DFT simulations at 0 K, we chose to con-
duct these simulations without any supporting substrate.
As the reactions are all very similardehydrogenation and
C−C bond formationit can be assumed that the activa-
tion energy is inversely linked to the enthalpy of the re-
action that is released (Bell–Evans–Polanyi principle).[23]

Consequently, the reaction with the highest enthalpy of
reaction occurs also with the highest rate. This allows
the reaction pathway to be assessed by calculating the
ground state energies of the potential products (see Fig-
ure 3).

In the following, all intermediate species observed by

FIG. 2. High-resolution STM data of partially flattened por-
phyrin molecules with structural models. a) Unreacted 2H-
TPP (scale bar 5 Å), b) intermediate species type 1 (RI1) with
one flat phenyl ring, c) intermediate species type 2 (RI2) with
two flat phenyl rings, d) intermediate species type 3 (RI3)
with three flat phenyl rings. The outlines of the molecules
are marked with a black line. e) Structural model of the 2H-
TPP molecule. f) to h) Tentative structural models of RI1-3.
[STM images recorded at 6 K. a) −1 V, 0.2 nA, b) −0.5 V,
0.2 nA, c) −1 V, 0.2 nA, d) −0.5 V, 0.2 nA].

STM will be compared to the ground state energies cal-
culated for different possible intermediates. Figure 2a
shows an STM image of an unreacted 2H-TPP molecule
where the four bright lobes are assigned to the four
phenyl rings that are rotated out of the surface plane and
therefore show a larger apparent height than the macro-
cycle which lies parallel to the surface and appears with
a depression in the center.

The first reaction intermediate species type 1 (RI1)
(Figure 2b) exhibits a similar appearance of the macro-
cycle but with only three bright lobes. At the position of
the first phenyl ring (see Figure 2a) the apparent height
is similar to that of the macrocycle, that is, a ring-closing
reaction took place and an additional C−C bond with the
macrocycle formed. A structural model of RI1 is given
in Figure 2f, however it has to be emphasized that it is
not possible to distinguish in the STM images with which
macrocyclic moiety the first phenyl ring has reacted, the
pyrrolic (−NH) or the iminic one (= N). Compounds 1
and 2 in the first block of Figure 3 are the two possibil-
ities for this first ring-closing reaction, corresponding to
RI1. Compound 2 is found to have the lowest ground
state energy (indicated by the white background) with 1
having a higher ground state energy by 0.074 eV.

In the subsequent steps only reaction pathways which
include the reaction intermediates with the lowest ground
state energy are considered. Thus, starting from 2 there
are six different possibilities for the flattening of the sec-
ond phenyl ring (3 to 8). Compound 6 is found to have
the lowest ground state energy and 4 exhibits only a very
small energy difference. In the STM images 5 and 6 can-
not be differentiated but, if the molecules are not too
close to each other, they can be differentiated from 3, 4,
7, and 8 (see Figure S5). In the STM images 5 and/or
6 make up the majority of RI2 (Figure 2c).

Starting from 6 there are two possibilities for the third
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FIG. 3. Ground-state energies, calculated using DFT, ex-
plain the proposed reaction pathway of the stepwise flatten-
ing. Each step (excluding 13 and 14) starts with the ener-
getically most favored structure of the step before. 1 and
2: First ring-closing, 3 to 8: second ring-closing, 9 and 10:
third ring-closing, 11 to 14: four planar porphyrin derivatives
which were observed by STM with respective STM images
below (A to D). ∆E is calculated with respect to the lowest
ground state energy of each reaction step (respective com-
pound highlighted by white background). The scale bar in A
indicates 1 nm. [STM images recorded at 6 K. A: −0.01 V,
0.1 nA, B: −0.8 V, 0.2 nA, C: −0.8 V, 0.2 nA, D: −0.01 V,
0.1 nA].

ring-closing reaction. The species with the lowest ground
state energy (9) is also the most frequently observed RI3
species in the STM measurements (see Figure 2d). A
smaller amount appears as 10 and different configura-
tions resulting from other RI2 than 6 are observed (see
Figure S5).

The last row of models in Figure 3 shows the four PPDs

which are resolved in our STM measurements (presented
below the models).[17b] After the formation of 9, the only
two possibilities for the final ring-closing reaction are 11
and 12, with 11 being significantly more favorable. This
is in good agreement with the selectivity observed in the
STM measurements since the majority of all PPDs (86%)
appears as A and only a small fraction (12%) as B. On
the other hand, this implies that at least 14% of the
molecules did not convert into the energetically favored
intermediate and/or product in all steps. From our mea-
surements and calculations it is not possible to infer in
which step of the reaction a reaction intermediate with
∆E > 0 is formed.

Please note that tautomerization of the reaction inter-
mediates may play an important role for the selectivity
of the reaction pathway. It is known that the central
hydrogens can tautomerize,[24] for example, 1 is the tau-
tomer of 2. Nevertheless, the former degeneracy of this
tautomerization in the pristine 2H-TPP molecule is lifted
after the first ring-closing reaction and the ratio between
the tautomers is certainly shifted towards the energeti-
cally more stable tautomer (2).

Judging from the appearance in the STM images, the
two central hydrogen atoms in species A are bound to
the unreacted pyrrole rings. Furthermore, no tautomer-
ization of the PPDs could be observed after voltage pulses
by the tip (cf. ref. [24b] where tautomerization was ob-
served for 2H-TPP molecules under the same conditions),
that is, either the tautomers cannot be distinguished by
STM or tautomerization does not occur. This assump-
tion is corroborated by the DFT calculations. The en-
ergetic difference between the tautomers is significantly
increased after the fourth ring-closing in comparison to
the first ring-closing. The ground state energy of the
tautomer of 11 is 0.55 eV higher, suggesting that the
tautomerization of the PPDs is suppressed.

Remarkably, the prevailing reaction product is the
same for calculations and experiment, despite the DFT
modeling is based on stark simplifications, namely the
comparison of only ground state energies for intermedi-
ates and products as well as the absence of a substrate.
This may imply that the origin of the selectivity for the
reaction is related to the molecule itself rather than to
surface interactions. As described above, the occurrence
of the four different reaction products is markedly dif-
ferent for the case of Ru-TPP (see Figure 1e), where
no specific product is favored. Furthermore, our pre-
liminary investigations on another metalloporphyrin, the
Co-TPP, show a similar distribution of products for the
same flattening reaction as in the case of Ru-TPP. More-
over, our annealing experiments with a slightly different
molecule, namely the 5,15-diphenylporphyrin, support
the suggested reaction pathway. The two ring-closing
reactions for the majority of the molecules, which occur
upon annealing, provide preferentially a flat species simi-
lar to 6 for 91% of the molecules on a Ag(111) (see Figure
S6) as well as on a Ag(100) surface. This supports our as-
sumption for the DFT calculations that the surface has
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only a minor impact on the selectivity of the reaction.
In addition, with these similar results for two different
metalloporphyrins and two free-base porphyrins, an in-
fluence of the symmetry of the core of the molecule on
the selectivity of the reaction can be anticipated.

In conclusion, we presented a systematic study regard-
ing symmetry-driven surface chemical transformations.
For the exemplary case of surface-assisted cyclodehydro-
genation reactions of related meso-substituted free-base
versus metalloporpyhrins, we find that the twofold sym-
metry of the 2H-TPPs core, imposed by the two cen-
tral hydrogens, drives the selectivity of a reaction at the
periphery of the molecule towards a distinct product.
Such selectivity could not be observed when triggering
the same ring-closing reaction in Ru-TPP or Co-TPP
species, where macrocycle core has a fourfold symme-
try. Based on this model case, we expect that ab ini-
tio calculations of the energetically favored products can
provide valuable guidelines for the outcome of surface-
assisted cyclodehydrogenation reactions. These insights
contribute towards the targeted design of molecular pre-
cursors for the engineering of conjugated nanostructures
by on-surface synthesis and advanced porphyrin-based
architectures at interfaces.[25]

EXPERIMENTAL SECTION

The Ag(111) substrate was prepared by repeated cy-
cles of Ar+ sputtering and annealing to 720 K. 2H-
TPP (Sigma-Aldrich, ≥ 99%) and Ru(CO)-TPP (Sigma-
Aldrich, ∼ 80%) molecules were thoroughly outgassed
in ultrahigh vacuum (UHV) and deposited by organic
molecular beam epitaxy (OMBE) from quartz crucibles
held at 575–590 K and at ∼ 613 K, respectively. The tem-
perature during annealing experiments and STM mea-
surements was monitored by a type K thermocouple di-
rectly attached to the Ag(111) single crystal. The STM
experiments were carried out in two UHV systems: First,
in a custom-designed UHV system with a low tempera-
ture CreaTec- STM at a base pressure < 8× 10−10 mbar
(scanning temperature 6 K). Second, in a home-made
UHV chamber equipped with an Aarhus-type variable-
temperature STM at a base pressure < 2 × 10−10 mbar
(scanning temperature 300 K). In both cases, the STM
images were acquired in constant current mode with
chemically etched W tips and processed with WSxM.[26]

The bias voltage of the tunneling parameters refers to
the voltage applied to the sample. The TPD experi-
ments were performed in a separate custom-built UHV
system using a liquid nitrogen cooled quadrupole mass
spectrometer with a Feulner cup[27] that can be brought
within a few millimeters of the sample. The heating
rate was controlled by a proportional-integral-derivative
controller and kept constant within < ±0.1 Ks−1. The
pressure during TPD measurements was between 2 to
< 8× 10−11 mbar and typically the background pressure
of H2 was on the detection limit of the mass spectrom-

eter before TPD measurements began. The cleanliness
of the Ag(111) substrate and the evaporated molecules
was assessed using XPS; however, due to observed beam
damage to the 2H-TPP multilayer, XPS was not per-
formed prior to TPD measurements. TPD control ex-
periments are presented in the Supporting Information.
DFT calculations were performed using the Gaussian
Software package.[28] Using the 6–311G basis in com-
bination with Perdew-Burke-Ernzerhof[29] exchange and
correlation functionals, the different molecular structures
were optimized towards the lowest possible ground state
energy. Calculations were performed on single molecules
in the gas phase using the default convergence criteria of
the program.
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