
 1 

Binary Conformational Switches in a Porphyrin 

Chain: Tautomerization and Stereoisomerization  

Zhijing Feng,†, ¶,1 Simone Velari,‡ ,2 Carlo Dri,†,¶,3 Andrea Goldoni,Δ Maria Peressi,†,* and 

Giovanni Comelli†,¶ 

† Department of Physics, University of Trieste, Via A. Valerio 2, I-34127 Trieste, Italy 
¶ TASC Laboratory, Istituto Officina dei Materiali IOM-CNR, S.S. 14 – km 163.5, I-34149 

Trieste, Italy 
‡ Department of Engineering and Architecture, University of Trieste, Via A. Valerio 6/1, I-34127 

Trieste, Italy 
Δ Elettra-Sincrotrone Trieste, Area Science Park, S.S.14 – km 163.5, I-34149 Trieste, Italy 

  

Page 1 of 21

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 2 

ABSTRACT: In the last decade, hydrogen (H-)tautomerization i.e. a reaction that involves 

simple intramolecular proton transfer, has been studied in single phthalocyanine, porphyrin, and 

porphycene derivatives as a prototypical single molecular conductance switch. Here, by means of 

low temperature scanning tunneling microscopy and density functional theory calculations, we 

report a binary H-tautomerism and stereoisomeric conformational switch in (amino-

functionalized) porphyrins assembled in molecular chains on a gold surface. We show that the 

formation of the chain is crucial for the binary tautomeric switch mechanism as the single 

molecule switches differently. Our findings suggest that the (amino-)functionalization of 

molecules can be exploited not only to drive the formation of molecular self-assemblies but also 

to steer their switching properties. 

 

Introduction 

The miniaturization of electronic devices into single molecules is one of the ultimate goals of 

molecular electronics and physical chemistry. To be useful for potential devices, a molecule 

must exhibit specific electronic properties such as, for instance, switching or rectification.1 

Moreover, the same molecule must be positioned and interconnected to other molecules within 

an electric circuit. To this aim, researchers worldwide devote considerable efforts in studying on 

the one side the interaction between molecules via covalent,2,3 metal-organic4–7 or hydrogen 

bonds8,9 and, on the other side, their switching10–14 or rectification15 properties on surfaces. In 

this context, single phthalocyanine, porphyrin, and porphycene derivatives have been proposed 

as single molecule switches, where inner hydrogen tautomerization10,16–18 or molecule 

conformational change19–23 on a metal substrate are at the basis of the conductance change.24,25  
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In a recent work26 we showed that aminophenyl-functionalized porphyrins (called TAPPs, 

Figure 1a) deposited on a gold (111) surface form weakly bonded chains via hydrogen bonds 

between their amino-terminations. We described the chemical and electronic structure of the 

TAPP chains, which was strongly influenced by the interplay between the amino-amino and 

amino-gold substrate interactions. 

In the present work, by means of low temperature scanning tunneling microscopy (LT-STM) 

and ab initio calculations based on Density Functional Theory (DFT), we investigate the 

switching properties of each TAPP molecule along these chains. Our work shows that scanning 

probe microscopy is a powerful tool not only for characterizing but also for manipulating the 

transport properties of TAPPs at the atomic level, following the lines of previous results reported 

on similar molecules.27 Additionally, we find that the formation of the chain is crucial for the 

switching properties of the molecules, which depend also on the protonation state of the inner 

macrocycle: only partially deprotonated donor-TAPPs can undergo H-tautomerization, while 

fully deprotonated TAPPs can undergo a binary stereoisomeric conformational switch.  

 

Methods 

Experimental methods 

As in our previous work26, experiments were performed in ultra high vacuum (UHV) 

conditions at a base pressure of 1×10-8 Pa. 5,10,15,20-tetra(4-aminophenyl)porphyrin 

(abbreviated TAPP, PorphyChem, purity 98%, see Figure 1a) were evaporated from a Knudsen 

cell at 520 – 570 K on a clean monocrystalline Au(111) sample at room temperature. The 

Au(111) sample was previously cleaned via standard Ne+ ion sputtering and annealing to 870 K 

for 10 minutes. STM imaging was performed with an Omicron Low Temperature STM, 
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 4 

operating at a temperature of approximately 4.3 K. Images were acquired in the constant current 

mode, and the bias reported in the images is given with respect to the sample, i.e. a positive bias 

indicates imaging of the empty states of the sample. Electrochemically etched tungsten tips were 

used for imaging.  

 

Computational approach 

DFT calculations were performed with the plane-wave pseudopotential package QUANTUM 

ESPRESSO28 using GGA-PBE29 ultrasoft pseudopotentials.30 The wave function energy cut-off 

was set at 30 Ry. Considering the large size of the cell, the Brillouin-zone sampling included 

only the gamma point. Since van der Waals interactions play a non-negligible role in self-

assembled organic structures, the calculations were performed including the semi-empirical 

dispersion-corrected DFT (DFT-D) method proposed by Grimme,31 implemented in the QE 

package32 and already used by us in our previous work.26 

The Au(111) surface was modeled with a two-layer slab at the bulk Au calculated structure 

(lattice parameter abulk=0.407 nm, equal to the experimental one) to mimic the behavior of the 

metal substrate. Slabs were separated by a vacuum spacing of ≈ 1.4 nm. The two gold layers 

were kept fixed, except for the gold atoms underneath the center of the porphyrins. We simulated 

the TAPP chain using the smallest periodically repeated unit cell commensurated with the 

substrate and compatible with the experimental chain period, containing two adjacent TAPP 

molecules: one acceptor and one donor, according to the definition given in our previous work.26 

The acceptor was always the same, and we focused on different configurations and 

conformations of the donor. All the atoms of the porphyrins were allowed to relax until the 

calculated forces acting on each one were smaller than 0.26 eV/Å. STM images were simulated 
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 5 

within the Tersoff-Hamann33 approximation, using the energy-integrated local density of states 

(ILDOS) and mapping its iso-surfaces to simulate the experimental “constant current” condition. 

The images were simulated at various biases, at an ILDOS value for the iso-surface of 10-6 nm-3, 

lying at an average distance of approximately 0.5 nm from the outmost atomic layer.  

 

Figure 1. (a) Chemical structure of 5,10,15,20-tetra(4-aminophenyl)porphyrin (TAPP). (b) Stick 

and ball model of a TAPP chain obtained by the DFT calculations. The gold adatom trapped by 

the acceptor is highlighted in green. The κ-pyrroles and α-pyrroles are labelled κ-pyr and α-pyr, 

respectively, with the inner hydrogens located on the two κ-pyrroles. (c-d) High resolution STM 

image (c) of a section of a TAPP chain together with its z-profile (d), measured along the 

horizontal symmetry axis of the chain, that highlights the asymmetry of the 1H-TAPPs. 

Chemical structure model (e) of the same TAPP chain, where the donor-acceptor model and the 
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 6 

different internal structures of each TAPP are showed. From left to right: donor with both inner 

hydrogen (2H), acceptor with one gold adatom, donor with one inner hydrogen (1H), acceptor 

with one gold adatom, donor with one inner hydrogen (1H). (f)  Simulated STM images of the 

DFT-optimized configurations of units of a TAPP chain with 2H, 1HL, and 1HR donor, whose 

combination are equivalent to (e). Image parameters: (d) V= − 0.2 V, I = 0.5 nA, 10×3 nm2. 

 

Results and Discussion 

When deposited on Au(111), the TAPP molecules spontaneously form chains along the 

herringbone reconstruction of the substrate. The structure of these chains has already been 

described in our previous work.26 In a nutshell, TAPPs form such chains via amino-amino 

hydrogen bonds between their aminophenyl-terminations. In these chains, TAPPs behave 

alternately as a hydrogen donor and acceptor as a whole. Moreover, in the STM images, most 

acceptors have a bright protrusion at their center, which, by comparing experimental and 

simulated STM images, was associated to a gold adatom trapped underneath via a coordination 

bond between the N atoms of two pyrroles and the adatom. Figure 1b shows a stick and ball 

model of the system: opposite pairs of pyrroles are labelled α-pyrrole (tilted downwards) or κ-

pyrrole (tilted upwards) according to their angle with respect to the substrate.34 

The high resolution STM image in Figure 1c shows a detail of five TAPP molecules in a 

chain, with a z-profile (Figure 1d), acquired along the horizontal symmetry axis of the chain, 

highlighting the different symmetries of each TAPP. Whereas the two acceptors have an 

identical symmetric z-profile, for the donors the situation changes. More specifically, the donor 

on the left is symmetric, being characterized by two equal peaks, whereas the other two donors 

have two specular asymmetric profiles. By comparing our STM images with previous results 
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 7 

from literature,10 we hypothesize that the asymmetric TAPPs correspond to partially 

deprotonated molecules, which have lost one inner hydrogen (see also Figure 1e), thus named 

1H-TAPP. In the works reported in literature,10,17,18,35–37 when there is an asymmetry in the STM 

images due to the presence of hydrogen atoms, the brighter side is associated to their position. 

Therefore, following the model in Figure 1e from left to right, we suppose that the first donor 

TAPP has both inner protons (2H), the second donor has a single inner proton on the left κ-

pyrrole (1HL), and the last donor has a single inner proton on the right κ-pyrrole (1HR). The 

simulated STM image (Figure 1f) of the DFT-optimized model is in satisfactory agreement with 

the observations, thus confirming our picture of partially deprotonated donors. We point out that, 

compared to our previous work about such TAPP chains,26 in the present work we performed 

STM imaging at a lower bias voltage of −0.2 V, which provides a slightly better contrast 

between the 1HL- and the 1HR-TAPPs, and the simulations are performed accordingly. 

 

 

Figure 2. Sequential deprotonation of single TAPP molecules in a TAPP chain on Au(111). (a) 

A 2H-TAPP is deprotonated into (b) a 1H-TAPP by applying a −1.2 V bias pulse on the center of 
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 8 

the molecule. (b) A 1H-TAPP is deprotonated into an (c) 0H-TAPP by applying a −2.0 V bias 

pulse on the center of the molecule. Image parameters: V= − 0.2 V, I = 0.5 nA, 10×3 nm2. 

 

 

To obtain the deprotonated TAPPs described above, we performed single molecule voltage-

pulse manipulation with the STM tip. Figure 2 shows a sequence of three STM images where 

controlled deprotonation of selected TAPP donors was obtained by centering the STM tip above 

the molecule and increasing the bias voltage over a specific threshold, as previously reported.10 

Following this procedure, a 2H-TAPP (Figure 2a) is deprotonated into an 1H-TAPP (Figure 2b) 

by applying a –1.2 V bias pulse onto the center of the molecule. Subsequently, an 1H-TAPP 

(Figure 2b) is deprotonated into a 0H-TAPP (Figure 2c) by applying a –2.0 V bias pulse onto 

the center of the molecule. The latter reactions were irreversible, as we never observed a 0H-

TAPP reverting back to 1H-TAPP nor a 1H-TAPP reverting back to 2H-TAPP, in agreement 

with the assumption that these reactions are dehydrogenations. We must point out that the first 

stage of deprotonation, i.e. from 2H-TAPP to 1H-TAPP, is also induced thermally when TAPP is 

sublimed at 520 – 570 K from the UHV evaporator. Indeed, in our images we find most of the 

donors as 1H-TAPP, i.e. already partially deprotonated, while 2H-TAPPs are less commonly 

observed. However, 0H-TAPPs are never spontaneously formed on Au(111), suggesting that the 

thermal energy available during deposition is insufficient to overcome the barrier involved in the 

removal of the second proton.   

DFT calculations suggest that the dehydrogenation energy barriers are rather high: we did not 

calculate them precisely, but from total energy differences (initial configuration compared with a 

corresponding configuration with one hydrogen removed from the molecule but still present in 
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 9 

the simulation cell) we estimate barriers of about 5.0 and 5.2 eV for the first and the second 

dehydrogenation, respectively. These values cannot be directly compared with the experimental 

deprotonation thresholds, but at least are consistent with the higher energy required for the 

second deprotonation. 

 

 

Figure 3. Switching in 1H-TAPP and 0H-TAPP. (a) Binary H-tautomerization in the central 1H-

TAPP and (b) I(t) trace recorded on it at bias of −1.5 V (the current values are negative because 

of the negative bias). (c) Binary stereoisomeric conformational switch in two 0H-TAPPs and (d) 

a typical I(t) trace recorded at their center at bias +1.0 V. (e) Simulated STM image of the DFT-

optimized model in (f). (f) DFT-optimized model illustrating the stereoisomeric conformation 

switch of a 0H-TAPP, where all the pyrroles change their orientation: for the pyrroles labeled α 

(Figure 1b) in the OFF state, the tilting angle changes from −47o (N pointing downwards) to 

+22o (N upwards) in the ON state; for those labeled κ in the OFF state, it changes from +24o (N 

upwards) to −42o (N downwards). For the sake of clarity, only the atoms of the 0H-TAPP are 
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 10 

shown, extracted from a chain model. Image parameters: (a) and (c) V = −0.2 V, I = 0.5 nA, 

10×3 nm2. 

 

 

In a subsequent stage, we studied the H-tautomerization of the inner protons in each TAPP 

within such chains. The reaction can be induced by positioning the STM tip above the molecule 

and increasing the bias voltage below the HOMO or above the LUMO resonance of the 

molecule,16 while simultaneously monitoring the current signal in the constant height mode, i.e. 

recording the current versus time I(t) spectra. In this way, the tautomerization reaction is induced 

by vibrational excitation via inelastic electron tunneling into the molecules,16,38 with different 

current values associated to different proton positions. In the acceptor TAPPs no H-

tautomerization switching was found, likely due to the presence of the central Au adatoms which 

hinder this process. In the donors we never observed switching within 2H-TAPPs, while we 

found a binary H-tautomerism in 1H-TAPPs where the inner hydrogen atom can “jump” only 

between the κ-pyrroles, as shown in Figure 3a-b.  

These findings are in contrast to what described so far in the literature for individual 

molecules, where the 2H-tetraphenylporphyrin,9 2H-phthalocyanine,15,36 and 2H-

porphycenes17,18,39 are reported to be switchable and 1H-tetraphenylporphyrin can switch into all 

4 pyrroles sites.10 Apparently, here, in the donors, the hydrogen atoms can bind only to κ-

pyrroles and switch between them. Although our DFT simulations did not exclude the possibility 

of hydrogen atoms bonded to the α-pyrroles, the optimized chain model showed a better 

resemblance with the experimental observations when hydrogen atoms are bonded to κ-

pyrroles.26 In conclusion, since the H-switching channels in each molecule seem to be inhibited 
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 11 

by the geometry of the TAPPs within the chains, which is mainly dictated by the aminophenyl 

terminations, we deduce that the aminophenyl functionalization indirectly influences also the 

symmetry of the H-switching properties within the molecules. 

Interestingly, we found that also the fully deprotonated 0H-TAPP is switchable in two different 

states, which we call 0HOFF and 0HON, as shown in Figure 3c-f. This switching behavior cannot 

be due to tautomerization, as there are no inner protons left. Therefore, it must reflect a 

molecule’s stereoisomeric conformational change. It is known that porphyrins can undergo a 

conformational switching under electric field or inelastic electron tunneling.19,20,23 Here, the 

strong contrast change at the α-pyrroles positions after a switching event, shown in Figure 3c, 

suggests an important change of their tilting angle. The DFT simulations indeed indicate for the 

0H-TAPPs in the chain the possibility of two conformations with reversed molecular saddle 

shape (Figure 3f), notwithstanding the geometrical constraint imposed by the amino-amino and 

amino-gold interaction. For the structural point of view, the 0HOFF conformation is very similar 

to the 2H-TAPP, with the pyrroles tilting angles slightly larger in the former: this indicates that 

the strong difference in the STM images, also reproduced by the DFT simulations (Figure 3e), is 

mainly due to electronic rather than geometrical effects. The relevance of the electronic effect is 

confirmed also by the electron density distribution analyzed in detail in Figures S1 and S2, 

which significantly changes under switching. The 0HON conformation is characterized by a 

switch of the pyrroles orientation in the inner macrocycle:  for the pyrroles labeled α in the 0HOFF 

state, the tilting angle changes from −47o (N pointing downwards) to +22o (N upwards) in the 

0HON state; for those labeled κ in the 0HOFF state, it changes from +24o (N upwards) to −42o (N 

downwards). Furthermore, also the amino-phenyl terminal groups switch their tilting angle. The 

net result is almost equivalent to a 90o rotation of the molecule along its symmetry axis 
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 12 

perpendicular to the surface. The 0HON conformation is stable, but about 1 eV higher in energy 

than 0HOFF, consistent with its observation only after a voltage pulse has been applied, although 

a direct comparison with the experimental threshold for switching cannot be established. As in 

the experimental STM image, also in the DFT simulated image of the 0HON conformation the 

bright feature associated to the α-pyrroles has almost disappeared. 

Figure 3b shows a typical I(t) (current versus time) trace recorded on a 1H-TAPP with –1.5 V 

bias, where the two current values correspond to the binary switching between 1HL and 1HR. The 

switching rate and ratio between the two states depend on the bias value and tip position applied 

to 1H-TAPP. In a I(t) trace, the state characterized by the highest current value (absolute value) 

is characterized also by the shortest duration (in Figure 3b the state associated to the –0.70 nA 

current lasts less than the one with –0.50 nA) since higher current value means more tunneling 

electrons, and thus higher probability of inelastic tunneling. The I(t)	traces always display two 

different values because the tip is centered asymmetrically, either closer to the left or to the right 

κ-pyrrole. Figure 3d shows a typical I(t) trace recorded on the center of a 0H-TAPP at +1 V 

bias, where the two current values correspond to the binary switching between 0HOFF and 0HON. 

Here, the I(t) trace suggests that one state is less stable than the other, since there is no 

asymmetry of the inner protons argument to justify the observed behavior. By comparing the 

STM images before and after I(t) traces we conclude that the most stable state is 0HOFF, as 

predicted by DFT.  

We point out that single TAPPs were challenging to manipulate as they were mobile on 

surface, while in the monolayer phase, 2H-TAPP can undergo reversible stereoisomeric 

conformational change (Figure S3), while 2H-TAPP trapping adatoms can cause irreversible 

metalation (Figure S3), similarly to recent literature reporting 2H-tetraphenylporphyrins.23,40 The 
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latter findings further support the hypothesis of the influence of the aminophenyl 

functionalization on the H-switching properties within the molecules. 

 

 

Figure 4. STS spectra recorded at the center of single molecules in TAPP chains, where each 

color indicates a different type of TAPP. (a) STS spectra of 2H-TAPP (blue), acceptor TAPP 

trapping an adatom (green), and 1H-TAPP (red). The blue spectrum is limited in the [−1.25; 

+1.25] V range, otherwise 2H-TAPP undergoes deprotonation. The black spectrum at the bottom 

is acquired the Au(111) substrate for comparison. (b) STS spectra of 0HOFF (orange) and 0HON 

(violet). The violet spectrum is limited in the [−0.75; +0.75] V range because for higher bias 
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0HON switches to 0HOFF. (c) Graph showing the HOMO and LUMO energies of various types of 

TAPP and the relative HOMO-LUMO gaps in eV in the brackets. 

 

 

 Finally, we performed scanning tunneling spectroscopy (STS) experiments to study the 

electronic structure changes of the different 2H-, 1H-, 0H- TAPPs. Figure 4a, b show STS 

spectra recorded at the center of single molecules in TAPP chains, where every TAPP in the 

chain has a different electronic structure with respect to single isolated TAPP molecules (Figure 

4c). 1H-TAPP has both the HOMO and LUMO shifted towards higher energies (Figure 4a) with 

respect to 2H-TAPP and a wider HOMO-LUMO gap, suggesting that deprotonation affects the 

transport properties of molecules on surface by shifting both HOMO and LUMO to higher 

energies. Because of the symmetry of the system, both 1HL and 1HR tautomers display the same 

STS spectrum. Similarly, 0H-TAPP (0HOFF) has both HOMO and LUMO shifted towards higher 

energies and a wider HOMO-LUMO gap with respect to 1H-TAPP (Figure 4b). As discussed in 

our previous work,26 the acceptor TAPP trapping an adatom at its center has the largest HOMO-

LUMO gap, which is in agreement with the reduced extent of conjugation occurring in the 

acceptors.  

 

Conclusions 

Summarizing, in the present work by means of LT-STM and DFT simulations we have 

investigated the switching properties of TAPP molecular chains, exploiting both H-tautomerism 

and conformation change. The partially deprotonated 1H-TAPP is found to be characterized by a 

binary H-tautomerization switch on the κ-pyrroles along the TAPP chain. Moreover, the fully 
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deprotonated 0H-TAPP is shown to be switchable into two different conformational geometries. 

The interplay between the amino-amino and amino-gold substrate interaction dictates the 

geometry of each molecule and thereby the number of switching channels available for the H-

tautomerization reaction and conformational change. The STS shows that deprotonation affects 

the transport properties of molecules on surface by shifting both HOMO and LUMO to higher 

energies and increasing the HOM-LUMO gap. Our studies reveal the role of the molecular 

functionalization in determining the self-assembly and consequently the switching properties in 

molecules, thus suggesting a novel criterion to control single molecule switches by exploiting the 

molecule-molecule and molecule-substrate interactions. 
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