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Studying the dynamic behaviour of porphyrins as 

prototype functional molecules by scanning 

tunnelling microscopy close to room temperature 

H. Marbach* and H.-P.Steinrück  

Scanning tunnelling microscopy (STM) enables to directly observe the dynamic behaviour of 

organic molecules on surfaces. While imaging atoms and molecules in STM is certainly 

fascinating by itself, corresponding temperature-dependent measurements allow for the 

quantitative determination of the energetics and kinetics of the underlying molecular surface 

processes. Herein, we review recent advances in the STM investigation of the dynamic 

behaviour of adsorbed porphyrins at and close to room temperature. Three different case 

studies are discussed, providing insight in the dynamics of diffusion, rotation, reaction, and 

molecular switching at surfaces, based on isothermal STM measurements. The reviewed 

examples demonstrate that variable temperature STM can be a suitable tool to directly monitor 

the dynamic behaviour of individual adsorbed molecules, at and close to room temperature. 

Free-base porphyrins on Cu(111) proved to be particularly suitable for these studies due to the 

strong bonding interaction between the iminic nitrogen atoms in the porphyrin macrocycle with 

the Cu substrate atoms. As a consequence, the corresponding activation energies for surface 

diffusion, self-metalation reaction and conformational switching are of a magnitude that allows 

for monitoring the processes around room temperature, in contrast to most previous studies, 

which were performed at cryogenic temperatures. The kinetic analysis for the surface diffusion 

and self-metalation was performed using an Arrhenius approach, yielding the corresponding 

activation energies and preexponential factors. In contrast, the conformational switching 

process was analysed in the framework of transition state theory, based on the Eyring equation. 

This approach provides a more detailed insight into interpretable thermodynamic potentials, 

i.e., the enthalpic and entropic contributions to the activation barrier. The analysis shows that 

at room temperature the adsorption and switching behaviour of the investigated free base 

porphyrin on Cu(111) is dominated by entropic effects. Since the entropic energy contribution 

vanishes at low temperatures, the importance of experiments conducted at temperatures close 

to room temperature is emphasized.    

 

1 Introduction 

With the invention of the scanning tunnelling microscope 

(STM) in the early 80’s of the last century1 the direct real space 

observation of atoms and molecules on extended surfaces of 

solids became possible. Based on its unparalleled capabilities, 

STM was quickly established as a powerful tool in fundamental 

sciences and is nowadays a standard instrument in laboratories 

all over the world. Among manifold STM-based research 

activities, the investigation of large organic molecules on 

surfaces has become a vivid field in science with the vista to 

engineer functional devices2, 3. Specific interactions between 

absorbed molecules and/or with the underlying substrate often 

trigger peculiar adsorption behaviours like the self-assembly 

into long range ordered arrays or the occurrence of individual 

isolated molecules. Due to their versatility, the molecules from 

the “porphyrin family” are considered as ideal building blocks 

for the generation of functional molecular devices: they 

combine a rigid planar framework as structure forming element 

with an intrinsic functionality, which is mainly determined by 

the coordinated metal center4. The importance of porphyrins is 

highlighted by their omnipresence as main functional building 

blocks in nature5 — examples are iron porphyrin in heme6 or 

magnesium porphyrin in chlorophyll7 — but also due to their 

application in sensor8, 9 and solar cell technology10-15. The 

enormous potential of porphyrins for the fabrication of tailor-

made functional molecular architectures on well-defined 

substrates has stimulated significant activities in fundamental 

research4, 16-32. 
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In this contribution, we review recent advances in the 

understanding of the dynamic behaviour of porphyrins, as 

representatives of organic molecules, adsorbed on the Cu(111) 

single crystal surface in ultra-high vacuum (UHV). Based on 

temperature-dependent measurements of individual molecules, 

the kinetics and energetics of diffusion33, 34 and rotation34, of 

the so-called self-metalation reaction35, 36 and finally of 

conformational switching of particular free base porphyrins37 

can be determined. Even though these processes appear to be 

very different at first glance, they can all be regarded as 

activated processes, as schematically sketched in Figure 1. The 

standard method to extract quantitative information from 

temperature-dependent data of such surface processes is the 

Arrhenius analysis. Svante Arrhenius developed his famous 

equation on a purely empirical basis and published it at the end 

of the 19th century38.  

Fig. 1 Generalized energy scheme for an activated process (top), and 

three corresponding examples (diffusion, reaction and conformational 

switching).  

 

The general form of the Arrhenius equation is: 

 

  

 

with r(T) being the temperature-dependent rate, A the so-called 

preexponential factor and E the activation barrier or energy (see 

Fig. 1) of the investigated process (kB: Boltzmann constant, T: 

Temperature). While the activation energy E is intuitively 

accessible and the exponential dependency can be 

comprehended by regarding the Maxwell-Boltzmann statistics, 

the interpretation of the preexponential factor A is somewhat 

more difficult. For first order processes, to which all processes 

discussed in this feature article belong to, the dimension of A is 

s-1. Therefore, A is also often referred to as frequency factor, 

somewhat naively implying that the involved molecule vibrates 

with a frequency given by A in the relevant potential; in some 

cases, this interpretation can be correct, but in others it is 

certainly misleading.  

 An alternative and fully comprehensible interpretation of 

the preexponential factor was deduced in the frame of the 

transition state theory (TST) by Eyring and co-workers39. In 

TST, the activation barrier (see Figure 1) is defined as the 

difference in Gibbs energy, ∆G#, of the initial and the transition 

state. With the introduction of the thermodynamic potential 

∆G# and by considering the Gibbs-Helmholtz equation, 

∆G# = ∆H#-T∆S#, the temperature-dependent rate follows as 

 

 

 

 

the so-called Eyring Equation. A more detailed discussion of 

this equation will be given in Section 4 below. Nevertheless, 

one can already state here that the analysis of the temperature-

dependence of the reaction rate gives direct access to the 

contributions of the thermodynamic potentials ∆H# and T∆S# to 

the Gibbs energy, ∆G#. Since the entropic contribution, T∆S#, 

scales with T, it is immediately clear that it vanishes at low 

temperatures. Consequently, in low temperature (LT) STM 

measurements entropic effects practically do not play a role. 

Therefore, such effects can only be studied by performing 

experiments at higher temperatures. In turn, if one performs 

experiments at higher temperatures, entropic contributions 

should be considered in order to obtain a detailed understanding 

of the energetics of a process. Herein, we review results 

obtained at and close to room temperature (RT), not only 

because such measurements are closer to realistic conditions for 

applications, but also since they allow for investigating the role 

of entropic effects. The comparison of the Arrhenius equation 

and the Eyring equation reveals that the preexponential factor A 

linearly depends on T and contains a term that depends on the 

entropy difference between initial and transition state, ∆S#:  

 

 

 

Note that for ∆S# = 0 and a temperature of 480 K, A equals 1013 

s-1, which is the value typically used as first order 

approximation of the preexponential factor, if no other 

information is available.  

 In the first two examples discussed below, i.e., for diffusion 

and rotation, and for the self-metalation reaction on surfaces, 

the kinetic analysis is performed using the Arrhenius equation, 

as typically done in surface science. For the third example, 

which addresses conformational switching of molecules on 

surfaces, the analysis is based on the Eyring equation, because a 
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detailed insight in the thermodynamic potential was required in 

order to understand to observed complex behaviour. 

 

2 Diffusion and Rotation of 2HTPP 

The diffusion dynamics of adsorbates on surfaces are of 

fundamental interest in surface science and constitute the basis 

for the self-assembly of functional molecular architectures in a 

bottom-up approach16, 40. STM has proven to be a suitable tool 

for the investigation of surface migration and the determination 

of the corresponding kinetic parameters. While initially mainly 

the surface diffusion of atoms or small molecules on metal 

surfaces 41-45 was addressed, in the last decade also large 

organic molecules were investigated46; these studies include 

decacyclen and hexa-tert-butyl-decacyclene on Cu(111)47, 

dithioanthracene on Cu(111)48, 4-trans-2-(pyrid-4-yl-vinyl) 

benzoic acid on Pd(110)49, C60 on Pd(110)50, tris-(2-

phenylpyridine)iridium(III) on Cu (111)51, and 2H-tetrapyridyl-

porphyrin (2HTPyP) on Cu(111)33. The latter study by 

Eichberger et al. represents the first example for the direct 

observation of the unidirectional motion of porphyrins at 300 K 

and above, i.e., at comparably high temperatures, by STM. The 

fact that this was possible, is especially remarkable, since 

porphyrins usually rapidly diffuse on the time scale of STM at 

RT and thus cannot be imaged as individual molecules52. 

However, for 2HTPyP and also for the very similar 2H 

tetraphenylporphyrin (2HTPP) (which will be discussed in 

detail below) the molecules can indeed be imaged as isolated 

individual entities at RT on Cu(111) 33, 34, 36, 37, 53-58. The reason 

for the very peculiar adsorption behaviour of these free base 

porphyrins on Cu(111) is a strong site-specific attractive 

interaction between the iminic nitrogen atoms of the porphyrin 

macrocycle and the Cu substrate atoms; this specific interaction 

was already suspected in33, 55 and later on verified by XPS59. In 

the following, the specific role and interplay of adsorbate-

substrate and adsorbate-adsorbate interactions of different tetra-

phenylporphyrins (2HTPP and CoTPP) on Ag(111) and 

Cu(111) will be discussed. The STM images in Figure 2a and 

2b illustrate the island formation, i.e., the self-assembly 

behaviour of tetraphenylporphyrins (TPP) on Ag(111) at RT. 

For TPPs without a central metal atom, i.e., 2HTPP, and also 

for metalloporphyrins with various central metal atoms (e.g., 

Co, Fe, Zn, Ni), always the formation of square arrays with a 

lattice constant of 1.40 ± 0.05 nm is observed52. In addition, 

different TPP species (e.g., 2HTPP and CoTPP) statistically 

intermix in the square arrangement without any detectable 

spatial correlation. The driving force for the formation of this 

supramolecular order is a mutual stabilization mediated by so-

called T-type interaction between the phenyl groups of 

neighbouring molecules52, 60. The same behaviour, namely the 

island formation with a square lattice from a certain coverage 

on, is also observed for CoTPP and CuTPP on Cu(111). 

 A completely different behaviour is observed for 2HTPP on 

Cu(111), as is evident from the STM image depicted in Fig 2 c, 

where no island formation is found at low and medium 

coverages. In contrast, individual molecules can be identified; 

this behaviour is attributed to the above mentioned site-specific 

coordinative bond between the iminic nitrogen atoms of the 

porphyrin macrocycle and the Cu atoms. As a consequence of 

this interaction, the molecule is literally pulled toward the 

surface, as indicated in Figure 2e, which results in a nearly flat  

Figure 2. Constant current RT STM images: (a) A monolayer of 

2HTPP on Ag(111) (U=+0.45 V, I=25 pA); (b) Intermixed 

2HTPP/CoTPP monolayer with a ratio of 2:1 on Ag(111); the bright 

longish protrusions correspond to CoTPPs; (U=-1.35 V, I=35 pA); (c) 

2HTPP on Cu(111) (U=-0.77 V, I=26 pA),); (d) Mixed 2HTPP/CoTPP 

coverage on Cu(111) (U=-1.94 V, I=27 pA). Molecules indicated with 

1 are individual 2HTPPs, the square array marked with 2 is a self-

assembled square array from CoTPP. The bright regions labelled with 3 

are highly mobile CoTPP molecules. (e) STM image of an individual 

2HTPP with the corresponding scaled space-filling model (U= -1.49 V, 

I=30 pA). A closed packed Cu atomic row is indicated, highlighting the 

coordinative bond between the iminic nitrogen atoms of 2HTPP and the 

copper substrate atoms (f) STM image of a single CoTPP with the 

corresponding scaled space-filling model (U= -1.48 V, I=27 pA). All 

bias voltages given in the work at hand refer to the sample. The parts 

marked yellow in the models are the topographically highest parts of 

the molecules. (Adapted with permission from Buchner et al.55 

Copyright 2011 Wiley) 
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conformation with the phenyl rings almost parallel to the 

surface; this geometry leads to the characteristic appearance of 

the molecule with two longish parallel protrusions, which is 

shown in Figure 2e. The orientation of the phenyl rings nearly 

parallel to the surface effectively inhibits the mentioned 

attractive T-type interactions between neighbouring molecules, 

which explains why 2HTPP does not form two-dimensional 

islands on Cu(111). We also want to mention a somewhat 

different interpretation, given by Rojas et al., who propose a 

considerable charge transfer from the Cu(111) substrate to the 

2HTPP which results in  repulsive dipole-dipole interaction 

between the free base porphyrins54, 61. However, Buchner et al. 

found no indications for such a massive charge transfer; such 

indications would be an asymmetric appearance of 2HTPP 

upon switching the polarity of the bias voltage or reduced 

residence times and changed velocities for 2HTPPs at small 

intermolecular distances55. Still, one cannot rule out that both 

proposed effects might contribute to the observed behaviour.  

 To illustrate the different adsorption behaviour of 2HTPP 

and metalloporphyrins at submonolayer coverages on Cu(111), 

a mixture of 2HTPP and CoTPP was deposited on Cu(111). 

The corresponding STM image in Figure 2d shows a phase 

separation of the two species. 2HTPPs appear as isolated 

molecules, as in pure 2HTPP layers. On the other hand, 

CoTPPs form well-ordered islands with a square unit cell. The 

appearance of CoTPP in the STM image with submolecular 

resolution in Figure 2f is dominated by the two pyrrole groups, 

which are bent away from the surface. This specific appearance 

of individual TPPs in STM is due to a saddle-shape distortion 

of the molecule and is well established in the literature52, 60. 

 In Figure 2d, the regions with isolated 2HTPP molecules are 

labelled with “1” and regions, where CoTPP forms islands with 

“2”. In corresponding RT STM movies one occasionally 

observes CoTPP molecules which attach at and detach from the 

rim of the island, indicating a high mobility of isolated CoTPPs. 

Indeed, the bright, unstructured regions labelled with “3” in 

Figure 2d are assigned to CoTPP molecules diffusing fast under 

the STM tip. This illustrates that CoTPPs are also present in a 

2D gas phase on the surface. Such molecules are not directly 

visible as individual molecules in the STM under the actual 

imaging conditions due to their high mobility62-64. The observed 

effective phase separation of 2HTPP and CoTPP on Cu(111) 

results from the fact that the adsorption of the free base 2HTPP 

is dominated by molecule-substrate interactions, while the 

supramolecular arrangement of CoTPP is caused by attractive 

molecule-molecule interactions.  

 Figure 3 provides a more detailed insight into the specific 

adsorption behaviour of 2HTPP on Cu(111). The figure shows 

that only three different azimuthal orientations are found, which 

are rotated with respect to each other by 120°. This means that 

the molecules are aligned along one of the three symmetry-

equivalent densely packed substrate <110> directions, which 

are indicated as white arrows in the right lower corner of Figure 

3a. The observation of isolated 2HTPPs at RT indicates a low 

mobility compared to, e.g., CoTPP on Cu(111), which cannot 

be imaged as individual molecules at this temperature (see 

above). 

 Next, the dynamic behaviour of 2HTPP on Cu(111) is 

reviewed in detail. In the two subsequently recorded STM 

images of the same surface region in Figure 3b and 3c (sample 

temperature: 301 K; time interval: ~ 265 s) three molecules 

with identical orientation can be recognized. When comparing 

the two images, it becomes evident that the positions of two of 

the molecules changed in a very specific way (note that the 

positions of the molecules in Figure 3b are indicated by white 

crosses in Figure 3c): 

Figure 3 (a) Constant current STM image of 2HTPP on Cu(111) at low 

coverage, obtained at 301 K. The space-filling model in the insert 

exhibits the proposed intramolecular saddle-shape conformation and 

depicts the orientation relative to the Cu surface atoms along the 

surface <110> directions. (b) and (c) Subsequently recorded images of 

the same scan area: the position of the molecules in (b) are highlighted 

in (c) with crosses; the dashed white lines indicate the directions of the 

one-dimensional diffusion. (d) Pseudo three-dimensional STM image of 

a single 2HTPP and (e) the average STM frame of the corresponding 

STM time lapse movie (37 images with 20 seconds acquisition time 

each), with the elongated shape emphasizing the unidirectional 

diffusion. [(a)-(e) U = -1.49 V, I = 30 pA]. (Adapted with permission 

from Buchner et al.34. Copyright 2011 American Chemical Society) 

 

For both, one-dimensional displacements along the high-

symmetry substrate direction occurred, along which the 

molecules were aligned (indicated with dash-dotted lines). The 

one-dimensional motion can be even better illustrated by 

inspecting the average frame of a corresponding STM movie 

(37 images) acquired at 301 K in Figure 3e. The average frame 

appears as an elongated version of the two parallel protrusions 

of the single frame in Figure 3d. This behaviour indicated an 
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unidirectional motion of 2HTPP on Cu(111). Considering the 

moderate displacement per time (e.g., far below 5 nm per 265 s 

in Fig 2 c), the tracing of individual 2HTPP becomes possible 

by STM, even at the comparable high temperature of 301 K. 

This enables temperature-dependent measurements of the 

displacement of individual porphyrins around RT. When 

performing such measurements, one needs to ensure an 

undistorted thermally induced motion of the molecules, i.e., the 

influence of the STM measurements must be ruled out or at 

least minimized. In this context, it is beneficial that the  

Figure 4 (a)-(d) Average frames of STM movies of 2HTPP on Cu(111) 

between 280 and 330 K (scale bar = 10 nm). The positions of the 

molecules were color-coded in each single STM image and then 

superimposed over the corresponding STM average frames [(a) U = -

1.51 V, I = 29 pA; (b)–(d) U = -1.49 V, I = 30 pA]. (e) Arrhenius plot 

of the hopping rates vs. temperature. (f) Arrhenius plot of the rotational 

change of the diffusion direction. (Adapted with permission from 

Buchner et al.34. Copyright 2011 American Chemical Society) 

 

2HTPP/Cu(111) system can be imaged with a high tunnelling 

resistance (U ~ 1.5V, I ~ 30 pA, R ~ 50 GΩ), which allow to 

avoid tip induced effects. Note that diffusion measurements by 

STM found in literature are typically carried out at tunnelling 

resistances in the range of 1  - 10 GΩ33, 47-49, 65. Since the tunnel 

resistance in the experiments by Buchner et al. 34 is even 

higher, i.e., the tip substrate interaction is lower, a significant 

influence of the STM measurement on the thermally induced 

diffusion can be practically ruled out. In addition, no influence 

upon changing image size, scanning speed and the fast scan 

direction (vertical/horizontal) was reported. To avoid the 

influence of intermolecular interactions (collisions), the 2HTPP 

coverage was kept sufficiently low in the corresponding 

experiments.  

 Following this approach, STM movies at different 

temperatures between 280 and 345 K were acquired (see SI of 
34). These movies comprise roughly 50 images with an 

acquisition time of 20 – 40 s/image, allowing for the analysis of 

roughly 2500 diffusion events. Figure 4 a-d present the average 

frames (superposition of the image series) at four temperatures. 

To illustrate the movement of the 2HTPPs the position of each 

molecule was marked in the images with a specific colour. The 

resulting traces of the individual molecules illustrate the 

temperature-dependent diffusion behaviour. Briefly, the 

behaviour at the different temperatures in Figure 4 can be 

described as follows: 280 K (a): 2HTPP molecules are confined 

to their adsorption sites, i.e., the circular or only slightly 

elongated dots indicate that no detectable movement occurs in 

the timeframe of the experiment; 301 K (b): unidirectional 

trajectories along one of the three high-symmetry directions of 

the surface are observed; 315 K (c): unidirectional trajectories 

with increased length are seen, with occasional changes of the 

direction of the trajectories by ± 120°, i.e., to one of the other 

high-symmetry substrate axes; 330 K (d): a further increase of 

the diffusion length and more frequent directional changes are 

found. For 345 K (not shown), the molecular diffusion is so fast 

that changes in the images already occurred on a time scale 

shorter than required to obtain one image, and the 

displacements were partly larger than the scan area. These data 

can therefore not be considered in the kinetic analysis. The 

quantitative analysis was performed using the procedure 

described by Eichberger et al. 33: In a first step, the molecular 

displacements between consecutive images were evaluated for 

each temperature. From these data, the mean square 

displacement <(∆x)2> and correspondingly the hopping rate66 

h(T) = <(∆x)2>/(<λ>2t) for each of the investigated 

temperatures were determined (λ is the jump length, i.e., the 

lattice constant of 2.55 Å along the <110> directions and t is 

the corresponding time interval).  

To analyse the behaviour, the hopping rate is plotted in an 

Arrhenius plot, i.e., ln(h) vs. 1/T, in Figure 4e. The data show a 

linear dependence, consistent with the Arrhenius equation for 

surface diffusion, h(T) = Am exp[-Em/(kBT)] 47, 49, 66. The slope 

of the linear fit in Figure 4e yields the migration barrier for 

diffusion of 2HTPP on Cu(111), Em = 0.71 ± 0.08 eV. From the 

ordinate intercept the preexponential factor is determined to Am 

= 1010.9 ± 1.4 s-1. These values are to be compared with the values 

of Em = 0.96 ± 0.09 eV and Am = 1012.0 ± 1.4 s-1 for 2HTPyP on 

Cu(111) reported by Eichberger et al.33. The larger migration 

barrier is attributed to an additional interaction of the nitrogen 

atoms in the pyridyl side groups of 2HTPyP with the Cu 

substrate. Overall, it thus can be concluded that the contribution 

from the iminic nitrogen atoms dominates the diffusion 
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behaviour. Eichberger et al. report also another interesting 

observation, that is, a strongly enhanced mobility of 2HTPyP 

dimers; these dimers are presumably formed by a linkage of 

two 2HTPyP molecules via a Cu atom, connecting the nitrogen 

atoms in the pyridyl groups. The Arrhenius analysis for the 

diffusion of the dimers yielded Em = 0.94 ± 0.03 eV and Am = 

1014.0 ± 0.5 s-1. Since the activation energies, Em, for monomer 

and dimer diffusion are identical in the margin of error, the 

much higher mobility of the dimer is solely related to the higher 

preexponential factor and thus (as discussed in the introduction) 

must be due to entropic effects. This observation was attributed 

to the fact that upon dimer formation the TPyP internal degrees 

of freedom (energetically low lying bending and rocking 

modes) are constrained as compared to the individual 

molecule33. This nice example convincingly demonstrates that 

entropic effects can play an important role for activated 

processes.  

 In a next step, the temperature-dependence of the rotation of 

the migration direction by ± 120° is analysed between 305 and 

330 K (at lower T, there are too few events for a reliable 

statistical analysis). The corresponding Arrhenius plot for the 

rotation rate r(T) = Ar exp[-Er/(kBT)] in Figure 4f shows again a 

linear behaviour, and the corresponding fit yields a rotation 

activation barrier of Er = 1.28 ± 0.12 eV and a preexponential  

factor of Ar = 1017.0 ± 1.8 s-1. The much higher barrier for rotation 

than for unidirectional motion is attributed to the very 

pronounced site-specificity of the N-Cu interaction, in 

combination with a complex change of the molecular 

conformation during the rotation event. If one interprets the 

preexponential factor of the rotation literally as a frequency 

factor and thus as the frequency of the molecular vibration 

(frustrated rotation), the corresponding value appears to be 

unreasonable high at first glance. However, when considering 

that the preexponential factor reflects the entropy gain from the 

initial to the transition state, one could speculate that additional 

degrees of freedom (e.g., nearly free azimuthal rotation in the 

transition state) could account for the observed high value. 

Indeed, for the desorption of “large” organic molecules 

(comparable to 2HTPP), similar and even higher frequency 

factors were reported in literature67-70. A more detailed 

discussion of such effects follows in Section 4.  

 Prior to the results just mentioned, rotational hopping of 

porphyrins was found only when the molecules are embedded 

in a closely packed supramolecular framework, at temperatures 

well below 100 K. Examples are zinc-octaethylporphyrin on 

Cu(111) with an rotational activation energy of 0.17 eV 71 and 

zinc-tetrakis¬(di-tert-butylphenyl)porphyrin with an activation 

energy of 0.24 eV 24. Since for both metal complexes all 

nitrogen atoms coordinate to the central Zn ion, no pronounced 

site-specificity, as found for 2HTPP, is expected. Consequently, 

the rotational dynamics of both metalloporphyrins should be 

governed by lateral molecule-molecule interactions rather than 

by molecule-substrate interactions33, 72. Thus, 2HTPP on 

Cu(111) represents the first example for the rotation of 

individual porphyrin molecules on a pristine surface and for the 

evaluation of the corresponding rotation barrier. The results 

described in this section demonstrate that the investigated 

system is especially suitable for dynamic STM studies, owing 

to the fact that the pronounced site-specifity of the adsorbate-

substrate interaction of 2HTPP on Cu(111) yields a untypically 

large surface corrugation. This allowed us to directly trace the 

dynamics of individual molecules at room temperature. This 

peculiar behaviour is in contrast to the high mobility of 

corresponding metalloporpyhrins, e.g., CoTPP or CuTPP, and 

will enable us to investigate the kinetics of a surface-confined 

metalation reaction in the next chapter. 

  

3 Self-metalation of 2HTPP with Cu substrate atoms 

With the first observation of surface-mediated in situ metalation 

of porphyrins a new route for the controlled fabrication of 

functional molecular architectures has been established62, 73, 74, 

which stimulated significant further research activities4, 32, 35, 36, 

56, 59, 73-87. It is nowadays well established that 

metalloporphyrins can be synthesised readily on a metal surface 

by the reaction of a corresponding free base porphyrin with an 

“available” metal atom. The respective metal atom can be 

provided on the surface by pre- or post-deposition, or originate 

from the surface itself. Depending on the metal, this in situ 

metalation can proceed already at room temperature or after 

moderate annealing73, 74, 84. It was studied in detail for 2HTPP 

with Co4, 73, 85, Fe,74, 84, 86, 87 Ni56, 79, Cu35, 36, 59, 80-83, Zn32, 77, 78 

and Ce75, 76 on Cu(111), Ag(111) and Au(111). The surface-

mediated reaction follows the equation:  

 

 M(ads) + 2HTPP(ads) → MTPP(ads) + H2(g) 

 

with M being the corresponding metal. Presently, no theoretical 

calculations for this surface reaction are available. In gas phase 

DFT calculations, the reaction comprises the following 

elementary steps: a) coordination of the metal atom by the 

intact free-base porphyrin, 2HTPP, b) successive transfer of the 

two hydrogen atoms from the respective nitrogen atoms to the 

metal atom and c) formation and release of H2. Thereby, the 

transfer of the first hydrogen to the metal was identified as the 

rate limiting step, which determines the activation energy for 

the metalation83, 85. On the surface, the situation may be more 

complex. 

 A particularly interesting surface-mediated reaction is the so 

called self-metalation of free base porphyrins, in which the 

porphyrin is metalated with a substrate atom of a metal35, 36, 59, 

80-83. As discussed in the last section, the adsorption behaviour 

of 2HTPP and metalloporphyrins (e.g., CoTPP), is very 

different, see Figure 2. When studying the self-metalation of 

2HTPP on Cu(111), this different behaviour makes it possible 

to discriminate the reactant 2HTPP from the reaction product 

CuTPP. As schematically illustrated in Figures 5a and 5b, the 

reactant 2HTPP is comparably immobile while the product 

CuTPP diffuses very fast (indicated by the horizontal arrows). 

As a result, CuTPPs cannot be imaged as isolated molecules in 

STM at room temperature. For low coverage, they can be 

regarded as 2D gas, and are therefore imaged only as noisy  
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Figure 5 (a) Due to a strong interaction of the iminic nitrogen atoms of 

the 2HTPP porphyrin macrocycle with the underlying Cu substrate the 

molecule is literally pulled towards the surface, thus exhibits a flat 

conformation and is rather immobile at RT. (b) For CuTPP all four 

nitrogen atoms are coordinated equally to the Cu center. As a result the 

interaction with the surface is reduced and the molecule is very mobile 

at RT. (c)-(e) Constant current room temperature STM images of (a) 

2HTPP as prepared on Cu(111) and (b), (c) after annealing to 400 K for 

the indicated times. The estimated molecular densities of 2HTPP and 

the corresponding tunnelling parameters are: (a) ρ0= 0.135 

molecules/nm2 U= -1.07 V, I=200 pA; (b) ρ42min@400K= 0.094 

molecules/nm2, U= -1.20 V, I=231 pA; (c) ρ102min@400K= 0.042 

molecules/nm2, U= -1.20 V, I=230 pA. (Adapted with permission from 

Ditze et al. 35. Copyright 2012 Wiley) 

 

regions, in contrast to the 2HTPPs, which are imaged as 

individual molecules. The self-metalation reaction of 2HTPP on 

Cu(111) does not occur at RT but can be thermally activated 

around 400 K. In Figure 5c, an STM image of a 2HTPP layer 

with a coverage of ρ0 = 0.135 molecules/nm2 is shown after 

adsorption at RT. Figures 5d and 5e show the same layer after 

annealing to 400 K for 42 and 102 min, respectively, and 

subsequent cooling to RT. Clearly, a pronounced decrease of 

the 2HTPP density is observed with increasing annealing time. 

Obviously, at 400 K, the metalation reaction is slow enough to 

be followed on the time scale of minutes. From Figures 5c-5e is 

also evident that individual 2HTPP molecules are clearly 

distinguishable, which allows to determine their molecular 

density and thus to quantitatively follow the isothermal reaction 

as a function of time. These data measured at different 

temperatures then provide access to the kinetics of the reaction. 

The decrease of the 2HTPP density is directly related to the 

consumption of the reactant in the metalation reaction. In  

Figure 6 Graph of normalized molecular density (ρt/ρ0) of 2HTPP on 

Cu(111) with annealing time at the indicated constant temperatures. (b) 

Logarithmic plot of the data in (a). (c) Arrhenius plot of the rate 

constants, kT, derived from the corresponding line slopes in (b). 

(Reprinted with permission from Ditze et al. 35. Copyright 2012 Wiley) 

 

Figure 6a, the normalized 2HTPP density, ρt/ρ0, is plotted as a 

function of time for four different temperatures, 390, 395, 400 

and 410 K. The data show that, as expected, the density 

decreases with reaction time at a given temperature, and that 

the reaction proceeds faster at higher temperatures. The 

decrease follows an exponential behaviour for all temperatures, 
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which is even more evident from the logarithmic plot in Figure 

6b. This is in perfect agreement with a pseudo first order 

reaction, according to ρt/ρ0 = exp(-kT·t). Such a behaviour is 

expected, since the Cu(111) crystal represents an infinite 

reservoir for Cu atoms, i.e., the concentration of available Cu 

atoms does not change, and consequently the reaction rate is 

proportional to the concentration of 2HTPP only. The 

corresponding rate constants, kT, can be directly determined as 

the slopes of the fitted lines in Figure 6b. Using the Arrhenius 

equation, kT = A·exp(-Ea/kBT), one then obtains the activation 

energy, Ea, and the preexponential factor, A, by plotting ln(kT) 

vs. 1/T (Figure 6c). Linear regression yields Ea = 1.48 ± 0.12 

eV and A = 1015±1.6 s-1. 

 The presented analysis, which is based on the isothermal 

“molecule counting” in STM images obtained at different 

temperatures, is a unique example for the experimental 

determination of the reactions kinetics and the activation barrier 

for a surface reaction of larger organic molecules. The 

estimated activation energy value of Ea = 1.48 ± 0.12 eV is in 

good agreement with previous DFT calculations of the 

metalation reaction of the bare free base porphyrin macrocycle 

with Cu in the gas phase which yielded values ranging from 

1.03 to 1.60 eV, depending on the level of theory and applied 

basis sets32, 85. The only value for the activation energy of a 

metalation reaction reported before the work of Ditze et al.35 

was derived not from isothermal data, but from a temperature-

programmed desorption (TPD) measurement of deuterium 

during the metalation of 2DTPP (deuterated analogue of 

2HTPP) with Zn on Ag(111)85. Using Redhead’s equation88, the 

activation energy was deduced. The major weakness of the 

Redhead approximation is the fact that the preexponential 

factor k0 cannot be determined, but has to be assumed; usually a 

value of 10-13 s-1 was used in the corresponding analysis.  

 It should be noted that for the described temperature-

dependent measurements it was crucial that comparable initial 

coverages were used: In Figure 6, the 2HTPP starting density, 

ρ0, varied between 0.135 and 0.174 molecules/nm2 (this roughly 

corresponds to ~23-30% of a saturated monolayer of CuTPP on 

Cu(111) in a well-ordered quadratic adsorbate lattice). Indeed, 

it was later shown that while the metalation rate is independent 

of coverage up to ~0.36 molecules/nm2, it exhibits an abrupt 

boost by a factor of 20 above this value36, where the transition 

regime to the formation of a peculiar checkerboard 2HTPP 

phase occurs.57  

 Possible extensions for future studies of the kinetics of 

metalation reactions are to investigate the role of the 

crystallographic orientation of the surface or the study of 

stepped surfaces, in order to obtain more information on the 

rate-limiting step. Also, calculations including the Cu surface 

are highly desired. Furthermore, automated image processing 

routines are currently developed (see Section 4), which will 

speed up the analysis significantly (note that for the data plotted 

in Figure 6 more than 250,000 2HTPPs were counted by hand). 

In perspective, the kinetic analysis of isothermal STM 

experiments might play an important role to gain detailed 

quantitative insight into complex surface reactions in the future. 

4 Conformational switching of porphyrin molecules  

Last but not least, the thermally and tip induced conformational 

switching of 2H-5,10,15,20-Tetrakis-(3,5-di-tert-butyl)-phenyl-

porphyrin (2HTTBPP) adsorbed on Cu(111) will be reviewed 
37. Using individual molecules or atoms as functional entities2, 

89 is certainly one of the main goals of nanotechnology with the 

vista to engineer functional devices. One particularly 

fascinating area is the application of switchable molecular 

building blocks in information storage90, 91. In order to achieve 

this goal, however, a detailed understanding of the adsorption 

behaviour of large organic molecules on well-defined surfaces 

is essential, which has stimulated model investigations in ultra-

high vacuum. A large number of studies have been performed 

with scanning tunnelling microscopy (STM) at low 

temperatures; this method not only allows for direct imaging of 

the adsorbed species in real space, but also opens up the 

possibility to manipulate the molecular objects20, 27, 92-97. A 

variety of different switching mechanisms has been 

investigated. These include tautomerization of 

naphthalocyanine or 2H-porphyrin19, 98, molecular cascades of 

CO molecules on Cu(111)99, bond formation or cleavage in 

adsorbed molecules100-102, conformational modifications in 

general63, 103, 104, and specifically the trans-cis conformational 

changes in azobenzene105-107.  

 Since the activation energies in the mentioned examples are 

in most of the cases rather small, the corresponding 

experiments are typically performed at temperatures well below 

80 K, in order to prevent unwanted thermally induced 

activation, and also surface diffusion. The applied low 

temperatures are certainly not compatible with “real world” 

applications. To engineer devices suitable for higher 

temperatures, new molecular building blocks have to be 

designed and evaluated, and a fundamental understanding of 

the involved mechanisms is necessary. One promising approach 

in this context is addressing individual molecules within a self-

assembled supramolecular array with a high degree of long 

range order. In such an arrangement, diffusion can be 

effectively prevented, and one could envisage tailoring the 

stability of a certain molecular conformation by the interplay 

between adsorbate-substrate and adsorbate-adsorbate 

interactions. Very recently, Ditze et al. discovered that 

2HTTBPP on Cu(111) is a system which fulfils these criteria37. 

2HTTBPP is a porphyrin very similar to 2HTPP; it is 

significantly larger due to the attachment of two tert-butyl 

groups at the 3 and 5 positions of each phenyl substituent, i.e., 

of altogether eight tert-butyl groups. Previous studies for 

corresponding metallo-TTBPPs reported high conformational 

flexibility and thus switching capabilities on different 

substrates21, 103, 104, 108, 109. On the other hand, the uncoordinated 

iminic nitrogen atoms of free base porphyrins like 2HTTBPP 

are expected to form a strong attractive interaction with the Cu 

substrate33, 81, 82; this type of interactions were already discussed 

in the previous sections for the smaller 2HTPP34-36, 58, 80, 110.  

 The investigation by Ditze et al. indeed reveals that 

2HTTBPP exhibits a very unusual and interesting adsorption 
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behaviour. Figure 7a shows an overview STM image of a 

submonolayer of 2HTTBPP on Cu(111). The molecules are 

arranged in domains of alternating bright and dark rows. In the 

high resolution STM image in Figure 7b one can distinguish 

two types of appearances of 2HTTBPP: the bright rows consist 

of molecules with a central protrusion and the dark rows of 

molecules with a central depression. For both types, the 

periphery of the molecules appears as eight bright spots, which 

can be assigned to the eight tert-butyl substituents arranged in 

four groups around the molecular centre corresponding to the 

four phenyl groups21, 104, 108. 

The four peripheral groups form a rectangle (indicated in 

green), which is identical for the two different molecular 

appearances. In an earlier study on TTBPPs is was shown that 

the intramolecular conformation of the molecules can be 

deduced from the geometry of the rectangle, that is, from the 

aspect ratio of the short and long sides, and the perimeter108. 

The resulting conformation is described by twisting (by a twist 

angle θ) and/or tilting of the phenyl rings (by a tilt angle ϕ) 

with respect to the porphyrin plane; see 37, 108 for details. 

 From the image in Figure 7b, the two angles are estimated 

to θ = 5 ± 5° and ϕ = 35 ± 5° for both conformations. The 

value of θ being close to zero is confirmed by the fact that all 

eight tert-butyl substituents appear with similar apparent height. 

In a recent gas phase DFT study of the energy surface of the 

very similar porphyrin CoTTBPP, a local minimum was found 

at very similar twist and tilt angles (θ = 10° and ϕ = 30°), albeit 

at a relatively high energy109. In this conformation the molecule 

adopts a concave, bowl-like shape. Such conformations, which 

are rather exotic and energetically unfavourable in the gas-

phase, might be stabilized on a surface by molecule-substrate, 

but also by lateral molecule-molecule interactions. Based on 

these considerations, the two different appearances of 

2HTTBPP on Cu(111) can be understood: the dark molecules 

are in a concave conformation, i.e., with the bottom of the 

“bowl” on the surface (Figure 7d), while the bright molecules 

are in a convex conformation, i.e., the bowl is upside down 

(Figure 7c). This interpretation was fully confirmed by DFT 

level simulated STM images of the molecules on a three layer 

Cu slab37.  

 It is interesting to compare this pronounced bimodal 

appearance with the behaviour of two closely related systems, 

namely 2HTTBPP on Ag(111)111 and CuTTBPP on Cu(111); 

for the latter a very different geometry (θ = 75 ± 5° and ϕ = 0 ± 

5°) is found, which is very similar to the overall minimum 

reported for CoTTBPP in the gas phase calculations109. The 

very different behaviour found here for 2HTTBPP on Cu(111) 

(θ = 5 ± 5° and ϕ = 35 ± 5°) is a strong indication for 

considerable stabilizing interactions. For the concave 

conformation, this interpretation is in line with a strong 

attractive interaction between the iminic nitrogen atoms and the 

Cu substrate, by which the porphyrin macrocycle is literally 

“pulled” towards the surface34, 35, 53, 55, 80; the reason for the 

concave conformation, however, is not readily accessible. Here 

lateral interactions also must play a role and it will be later 

discussed that this conformation is entropically stabilized.  

 Figure 7 (a) STM image of ordered domains of 2HTTBPP on 

Cu(111) acquired at room temperature (U = +1.31 V, I = 30 pA). The 

molecules exhibit a bimodal appearance, i.e., alternating bright and 

dark lines/rows are visible in STM.. (b) High resolution RT STM image 

(U = +1.30 V, I = 30 pA) of the supramolecular order shown in a. The 

bright and dark rows in (a) consist of molecules with different 

intramolecular conformations, as indicated by the overlaid scaled 

models (top view). The scale bar represents 2 nm. (c, d) Space filling 

models of the convex (c) and concave (d) conformations of 2HTTBPP. 

The determination of the intramolecular conformation is based on the 

appearance in STM, in particular on the green rectangle formed by the 

peripheral substituents as indicated in the high resolution ST 

micrographs. (Adapted with permission from Ditze et al.37. Copyright 

2014 American Chemical Society) 

 

While the static situation is already peculiar, the dynamic 

behaviour is even more interesting. From Figure 7a, it is 

evident that the order in the dark and bright rows is not perfect. 

Indeed, inspection of successive STM images of the same 

surface region at RT shows that individual molecules in both 

rows occasionally change their appearance from dark to bright 

and vice versa; for better illustration, in Figure 8a a 

corresponding image series is shown that was extracted from a 

high resolution RT STM movie; switching molecules are 
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indicated by the white arrows (see SI Movie M1 from reference 
37). The observed behaviour demonstrates a spontaneous 

reversible conformational switching of individual 2HTTBPPs, 

indicating the metastable nature of the intramolecular 

conformation at room temperature.  

 The switching of the molecules between the two 

conformations in the two rows is attributed to a thermally 

induced process. By performing measurements at different 

temperatures, one can then obtain access to the corresponding 

temperature-dependent dynamics close to RT, and thereby 

obtain an understanding of the energetics of the switching. To 

cover a sufficient temperature range, the measurement time per 

image has to be comparably short. For the ST micrographs in 

Figure 8, the acquisition speed (15 seconds for 12 nm2 acquired 

with 5122 pixels) was not sufficient to track all switching events 

at RT. 

Figure 8 Selected images from a high resolution STM movie of a 

2HTTBPP domain on Cu(111) acquired at RT (image to image 

acquisition time 15 s; U = +1.76 V, I = 24 pA). The arrows indicate 

individual molecules which exhibit a spontaneous conformational 

switching from concave to convex or vice versa. The times after 

acquisition of the first micrograph (left) are indicated by the t values. 

(Adapted with permission from Ditze et al.37. Copyright 2014 American 

Chemical Society) 

 

In order to significantly improve the time resolution, the 

acquisition time for a 12 nm2 image was reduced from 15 to 1.8 

seconds, by reducing the resolution from 5122 to 1282 and 

increasing the scan speed. Even though the spatial resolution of 

these images is significantly lower, the contrast between 

concave and convex molecules is still very good37.  

 Using this accelerated data acquisition, time lapse movies 

were measured between 270 and 320 K, and a specific 

visualization technique to analyse the time evolution of height 

profiles was applied36. The data show an increase of the 

switching rate with increasing temperature for both rows, 

indicative of activated processes. However, when comparing 

the behaviour in the two rows, it was found that molecules in 

the concave rows switch much more frequently than the those 

in the convex rows37. This is unexpected, since the strong 

attractive interaction of the iminic nitrogen of the 2HTTBPP 

with the substrate and significant van der Waals forces37 

suggests a stronger bond and thus a higher energy barrier for 

switching molecules in the concave row than in the convex 

row.  

 Further insight into these thermally driven switching 

processes is achieved from a quantitative analysis of isothermal 

time lapse movies, which were acquired at five temperatures 

between 280 and 300 K. The criterion for upper limit of 300 K 

was that the observed switching processes are still slower than 

the time resolution of ~1.8 s of STM for one frame to ensure 

that no switching events are missed. The criterion for the lower 

limit of 280 K was that at lower temperatures the number of 

switching events was not sufficient for a conclusive analysis. In 

recorded STM images, switching events from the “native” state 

to the “deviant” state and back, in both the concave and the 

convex rows, could be identified. In other words, four different 

switching events were separately analysed, namely from 

convex (native state) to concave and back in the bright row, and 

from concave (native state) to convex and back in the bright 

row. For this analysis, a semi-automatic image processing tool 

for STM movies was developed and applied. With this tool 

more than 1.5 million molecular conformations, from more than 

70,000 STM images, were extracted from the movies at 

different temperatures, yielding more than 10,000 switching 

events. The switching rates, r, for the four states were 

determined as the number of switching events for a particular 

state divided by the lifetime of this state (see SI of reference 37 

for details). The increase of the switching rates for all four 

switching events with temperature indicates that the 

intramolecular conformation changes are activated processes. 

As performed in Sections 2 and 3, such activated processes are 

typically evaluated with an Arrhenius analysis, which yields the 

activation energy E and the corresponding preexponential 

factor A. As already discussed in the Sections 1 and 2, the 

drawback of this analysis is that it does not provide direct 

physical insight into the nature of the preexponential factor. 

This insight is, however, of particular interest and relevance 

when major changes in the entropy of the different states occur, 

as is the case for the system studied here. As already outlined in 

Section 1, the alternative approach is based on the transition 

state theory (TST), where the Gibbs energy defines the 

activation barrier to be overcome39. Following a method 

described in detail by Winzor et al112, one uses the logarithmic 

form of the Eyring equation (see Section 1) divided by T:  
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By plotting ln(r/T) as a function of 1/T, one can then extract the 

slope  

  

 

 

and the ordinate intercept 

 

 

 

 

With this analysis, it is possible to directly extract the values for 

∆H# and ∆S#. It should be noted that for simplicity the 

transmission factor κ was not considered here, since it is usually 

set to κ = 1 and makes no contribution in the logarithmic form, 

as ln(κ)=037, 112.  

 In Figure 9, the corresponding plots are shown for the 

switching events in the concave rows (left) and the convex rows 

(right), as derived from the isothermal STM measurements. For 

both rows, the data for switching from the concave to the 

convex conformation and vice versa are shown. The lines 

represent the least square fits; furthermore, the resulting values 

for ∆H# and ∆S# are given.  

The comparison of the behaviour for the two rows in Figure 

9 shows that the enthalpic barriers for the transition from 

concave to convex (in red) are the same within the margin of 

errors (∆H# = 0.92 ± 0.10 for the convex row vs. 0.99 ± 0.04 eV 

for the concave row). The same holds for the reverse switching 

direction, i.e., from convex to concave (0.76 ± 0.11 vs. 0.72 ± 

0.04 eV; in blue). In other words, the enthalpic barrier, ∆H#, is 

the same for the same transition in the two different rows. The 

observation that the enthalpic barrier for switching from 

concave to convex (red) is ~30% higher than for the opposite 

direction (blue) can be understood, considering the strong 

attractive interaction of the concave molecule with the 

substrate. Interestingly and at first sight unexpectedly, despite 

this stronger interaction, the switching frequency in the concave 

row is larger than in the concave row; this effect is assigned to 

entropic contributions.  

 In Fig. 10, the Gibbs energy scheme, with the derived 

thermodynamic potentials, ∆H# (green), T∆S# (purple) and the 

resulting barrier ∆G# (black), is sketched for 300 K. According 

to the Gibbs-Helmholtz equation, ∆S# contributes to ∆G# as -

T∆S#; thus positive entropy differences lead to a lower Gibbs 

energy barrier in Fig. 10. We first analyse the behaviour for the 

convex row (Figure 10, right). If one only considers ∆H# 

(green), the concave conformation (yellow) would be clearly 

favoured, which is expected from the stronger binding to the 

surface. However, when including the entropic contribution -

T∆S# (violet) to the Gibbs energy the convex state becomes 

favourable (black). This analysis demonstrates that at 300 K 

convex molecules in the convex rows and thus the whole 

supramolecular arrangement are entropically stabilized. When 

analysing the behaviour in the concave row (Figure 10, left), 

the entropic contributions also lead to some destabilization of 

the enthalpically favoured concave conformation (green), but 

do not reverse the stability in terms of the Gibbs energy (black).  

 As next step, we discuss STM results acquired at 200 K. At 

this temperature, no thermally induced switching between the 

concave and convex conformations is observed. Nevertheless, 

the situation is not static: STM movies measured at 200 K 

reveal that, irrespective of their molecular neighbourhood, 

convex 2HTTBPP molecules frequently change their 

appearance and azimuthal orientation. These observations 

indicate that the molecules can rotate around the surface normal 

already at 200 K, and that vibrational degrees of freedom and 

also frustrated translations are excited. In contrast, concave 

molecules do not change their appearance, which is attributed 

to the stronger molecule-substrate interaction via the iminic 

nitrogen atoms. This strong interaction not only suppresses 

rotational motion, but may also result in an enhanced lateral 

confinement, and possibly also to energetically less accessible 

vibrational motions due to a stiffening of the whole molecule. 

Thus, for the convex molecules the entropic contributions of 

rotational, vibrational, and frustrated translational motions are 

larger than those for their concave counterparts. 

 The influence of rotational entropy on the behaviour of 

larger organic molecules was recently studied by temperature 

programmed desorption experiments, partially combined with 

STM68, 113-115. Waldmann et al. observed large differences in the 

preexponential factor for desorption, depending on the 

rotational state before desorption115: the entropy difference 

between adsorbed molecules and desorbed molecules in the gas 

phase was found to be smaller for molecules, which rotate in 

the adsorbed state, as compared to non-rotating ones. To obtain 

an estimate for the here studied systems, we follow the route 

described by Waldmann et al. 115; for the rotational entropy of a 

2HTTBPP molecule freely rotating around an axis 
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perpendicular to the surface plane this yields a value of 

5.1·10-4 eV K-1. This corresponds to a T∆S# value of 0.15 eV at 

300 K, and represents the difference between a freely rotating 

and a non-rotating 2HTTBPP. This certainly has to be 

considered only as an upper estimate for the actual value, since 

in the supramolecular structure the convex molecule is not 

expected to rotate freely. This value is to be compared with the 

T∆S# difference of 0.28 eV at 300 K, deduced from the entropy 

difference of the two conformations for the convex row in 

Figure 9 (right). The rotational entropy value of 0.15 eV is only 

~55% of the measured value. We attribute this difference to the 

fact also other degrees of freedom, that is, vibrations and 

frustrated translations, will contribute to entropy difference 

between the two conformations.  

In the following analysis, we exemplarily focus on the rotation to 

obtain a qualitative picture of the entropy differences. The bottom 

part of Figure 10 schematically illustrates the explanation for the 

entropy differences by considering one specific molecule (in the 

center) with its six next neighbours. Our conjecture is that the more 

strongly bound concave molecules (a, f) generally have much 

smaller entropy than the convex ones (c, d), which are able to rotate 

in the 

supramolecular structure (indicated by red arrows). Thereby 

neighbouring molecules can be considered as “bearing” for the 

rotational motion 116. From our data and simple steric considerations 

we propose that neighbours with the same conformation hinder 

rotation, and also other motions, due to steric repulsions. Hence, for 

a convex molecule, with increasing number of convex next 

neighbours (indicated with green flashes in c, d) the degree of 

freedom of rotational motion will be increasingly frustrated and thus 

the entropy will decrease. In other words, the rotational entropy of a 

convex molecule with convex neighbours in the neighbouring rows 

(c) is lower than that of a convex molecule which has only two 

convex neighbours (d). Based on these considerations, i.e., by 

accounting for the conformation of the central molecules and its 

neighbours, the relative magnitude of the entropies from Figure 9 

(indicated by the blue horizontal bars at the right side of the 

structures) can be understood (a)-(f).  

 In addition to the detailed analysis of thermally induced 

switching close to RT, Ditze et al. also demonstrated the 

intentional switching of selected individual porphyrin 

molecules with the STM tip at 200 K; at this temperature, 

thermally induced switching is completely suppressed37. 
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Interestingly, only convex molecules could be switched to the 

concave conformation, by applying bias pulses (e.g., +1.75 V 

for 5 seconds with closed feedback loop maintaining I= 30 pA) 

while the reverse process was not possible. This behaviour can 

partly be understood considering that the entropic contributions 

to the activation barrier decrease with temperature, and thus the 

energy landscape of the free energy (black in Figure 10) will 

shift towards the enthalpy contribution (green in Fig. 10) until 

both curves merge at 0 K. In other words, both the entropic 

stabilization of the convex conformation and the entropic 

destabilization of the concave conformation decrease with 

decreasing temperature. Thus, at lower temperatures, the 

concave conformation becomes increasingly favourable also in 

the convex row. As a consequence, the free energy barrier for 

switching from convex to concave is reduced and thus the 

corresponding tip-induced switching is facilitated. Apart from 

this thermodynamic argument, one also has to consider that tip-

induced switching results from the impact of the tunnelling 

electron. Therefore, the cross sections for inelastic electron 

excitations or relaxation channels for exited states in the 

molecule will play an important role. With respect to the latter, 

the strong coupling of the concave molecules to the substrate 

could provide an effective decay channel for tip-induced 

excitations, which leads to a quenching of the switching from 

concave to the convex conformation. 

 At last point, it is interesting to note that consecutive 

switching of directly neighbouring molecules in a convex row 

leads to the destruction of the local supramolecular order. 

However, switching every second molecule in the convex row 

leaves the supramolecular arrangement intact. Thus, a 

maximum information storage density of 4.9·1013 bit/inch2 can 

be achieved with 2HTTBPP on Cu(111). 

 To conclude this section, the presented example not only 

provides detailed insights in thermally induced switching and 

the role of entropic effects, but it also underlines the potential 

and importance of corresponding RT measurements, in 

particular for systems with energetic landscapes that have the 

potential for room temperature applications. Furthermore, the 

results also considerably expand the field of STM tip-induced 

molecular switching to higher temperatures, which is a crucial 

and important step towards devices for room temperature 

applications.  

 

5 Conclusions and outlook 

In this feature, three different case studies were reviewed 

which, based on isothermal STM measurements in UHV, 

provide insight into the dynamics of diffusion, reactions and 

molecular switching at surfaces. The reviewed examples 

demonstrate that variable temperature STM can be a suitable 

tool to directly monitor the dynamic behaviour of individual 

adsorbed molecules, at and close to room temperature. In all 

cases, the behaviour of the free-base porphyrins 2HTPP and 

2HTTBPP on Cu(111) was investigated. These systems proved 

to be particularly suitable for such studies, due to the strong 

bonding interaction of the iminic nitrogen atoms in the 

porphyrin macrocycle with the Cu substrate atoms. As a 

consequence, the corresponding activation energies for 

diffusion, reaction and switching are of a magnitude that allows 

following the processes around room temperature, in contrast to 

most previous studies, which were performed at cryogenic 

temperatures.  

 The first example addressed the surface diffusion of 2HTPP 

on Cu(111). For this system, individual isolated 2HTPP 

molecules can be observed by standard STM at RT and their 

migration on the surface can be traced accurately. This gives 

access to temperature-dependent measurements of the dynamic 

behaviour at and close to RT, namely diffusion and rotation. 

Using an Arrhenius analysis, the activation barrier for 

migration was determined to Em = 0.71 ± 0.08 eV, with a 

preexponential factor Am = 1010.9 ± 1.4 s-1. In an analogous way 

the activation barrier for the rotation of the migration direction 

by ± 120° was determined to Er = 1.28 ± 0.12 eV, with an 

preexponential factor of Ar = 1017.0 ± 1.8 s-1. The adsorption 

behaviour is strongly modified if a metal center is complexed in 

the porphyrin macrocycle, coordinated to all four nitrogen, 

which considerably weakens the molecule-substrate interaction 

as compared to 2HTPP. Consequently, metalloporphyrins such 

as CuTPP or CoTPP diffuse much faster at RT such that they 

cannot be imaged as an isolated species anymore. 

 The second example dealt with the self-metalation of 

2HTPP on Cu(111). By heating the sample to temperatures 

around 400 K, the insertion of a Cu atom into the porphyrin 

macrocycle, that is, the formation of CuTPP, is thermally 

induced. The progress of the reaction was followed by 

subsequent imaging the surface, and counting the remaining 

2HTPPs, as a function of annealing time at the elevated 

temperature. By performing such measurements for different 

annealing temperatures between 390 and 410 K, the kinetics of 

the self-metalation reaction was studied. From an Arrhenius 

analysis, the activation energy and the preexponential factor 

were determined to Ea = 1.48 ± 0.12 eV and A = 1015±1.6 s-1, 

respectively  

 In the third example, we reviewed the thermally induced 

conformational switching of 2HTTBPP on Cu(111). Upon 

adsorption at room temperature, 2HTTBPPs self-assemble in a 

long-range ordered structure, with a bimodal appearance in 

STM. This specific structure is attributed to alternating rows of 

molecules with concave and convex intramolecular 

conformation. For both rows, switching between the concave 

and convex conformation is observed around room temperature. 

In order to study the energetics of this thermally induced 

switching process, temperature-dependent measurements were 

performed between 280 and 300 K. The analysis of the 

corresponding kinetic data for this example was not performed 

using an Arrhenius analysis, but in the framework of transition 

state theory, based on the Eyring equation. From this analysis 

of the free energy landscape, a more detailed insight in 

interpretable thermodynamic potentials can be obtained. In 

particular, the entropy gain and the enthalpic barrier for the 

different switching processes were determined. The extracted 
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values evidence a dominating role of entropic effects in the 

system at room temperature. In the alternative Arrhenius 

analysis such entropic effects find their analogue in differences 

in the preexponential factors. These can also be transformed 

into the corresponding entropy values, as shown by Eichberger 

et al., when investigating an unexpectedly fast surface of 

2HTPyP dimers on Cu(111)33.  

 As an outlook, we want to stress the importance of the 

results by Buchner et al.34, Eichberger et al.33 and Ditze et al.37 

achieved by UHV STM, which demonstrate that entropic 

effects have to be generally considered for large organic 

molecules on surfaces at and close to RT. The general character 

of these investigations is underlined by recent STM 

experiments at the liquid/solid interface. Friesen et al. 

investigated the dynamics of reversible binding of O2 at the 

metal centre of cobaltoctaethylporphyrin117, and Blunt et al. 

studied the dynamics of reversible transformation of two 

supramolecular phases of an alkylated dehydrobenzo[12]-

annulene derivative118 in solution on an HOPG surface. In 

temperature- and concentration-dependent STM studies, the 

entropic and enthalpic contributions were estimated and the 

authors also report significant contributions from entropy close 

to RT117, 118.  Overall; the discussed examples clearly indicate 

the necessity to further investigate fundamental questions 

concerning the role of the thermodynamic potentials, in 

particular of entropic effects, in such processes. From an 

application point, there is an urgent need to further explore 

supramolecular systems with specifically tailored organic 

molecules at RT, in order to evaluate their potential as 

functional building blocks in room temperature applications. 

Here, strong collaborations with synthetic chemistry and theory 

are required, in order to tailor molecules that are suitable, e.g., 

for switching at and preferably even above room temperature.  
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Scanning tunnelling microscopy of the dynamics of functional 

molecules (porphyrins) close to room temperature enables a 

detailed determination of the thermodynamic potentials including 

entropic contributions of the underlying processes. 
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