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12 ABSTRACT: Surface diffusion, molecular conformation, and on-surface coupling
13 reactions are key processes for building tailored molecular nanostructures such as
14 graphene nanoribbons, polycyclic aromatic hydrocarbons, and one-dimensional/two-
15 dimensional (2D) polymers. Here, we study the surface diffusion and coupling in situ of a
16 chlorinated porphyrin, namely 5,10,15,20-tetrakis(4-chlorophenyl)porphyrin (Cl4TPP),
17 using a combined scanning tunneling microscopy (STM), density functional theory
18 (DFT), and X-ray photoelectron spectroscopy approach. Using STM, we obtain surface
19 migration and rotation barriers ΔE of 0.77 ± 0.09 and 0.93 ± 0.28 eV, respectively,
20 indicative of covalent binding to the surface. In fact, we find that the precursors as well as all the reaction species exclusively
21 (≈100%) adopt a peculiar “inverted” conformation covalently bonded to Cu(111). Using DFT, we have mapped two coupling
22 reaction pathways: direct dechlorination and Cu adatom-mediated Ullmann coupling. We find that the latter is essentially
23 barrierless, whereas the former faces a barrier of about 0.9 eV for inverted Cl4TPP on Cu(111). Our STM measurements show
24 that C−Cu−C organometallic species are the main final products in the presence of Cu adatoms, which is explained by our
25 DFT reaction profile when heat dissipation to the substrate is taken into account. This work not only highlights the relevance of
26 surface adatoms in selecting the reaction pathway but also opens the possibility of precisely tailoring 2D molecular assemblies
27 by controlling the supply of Cu adatoms.

28On-surface synthesis has become one of the most
29 interesting approaches to building complex molecular
30 nanostructures,1,2 generally under ultra-high vacuum condi-
31 tions.3−5 Typically, the molecular precursors are sublimated
32 onto a well-defined substrate and subsequently, via the
33 stabilization of transition states by a catalyst, the chemical
34 reaction takes place.6−13 Even though multiple on-surface
35 reactions are achievable, Ullmann coupling reactions14−17 have
36 been shown to be among the most effective ways to build
37 promising covalently bonded nanostructures. For example, this
38 approach has recently been used to synthesize one-dimensional
39 (1D) polymers,11,18 polycyclic aromatic hydrocarbons,12 two-
40 dimensional (2D) conjugated aromatic polymers, which can be
41 exfoliated into micrometer-sized 2D sheets,13 and to precisely
42 synthesize graphene nanoribbons,19−21 among others. In
43 general, an Ullmann coupling reaction begins with the cleavage
44 of the halogens on the molecular precursors, proceeds via
45 organometallic intermediates, and terminates with the
46 formation of C−C covalent bonds.17 Depending on the
47 molecular precursor, substrate, coverage, and annealing
48 temperature and time, it may be possible to observe the
49 precursors, organometallic intermediate species, C−C bonded

50species, radicals, etc.10 To obtain a deeper insight into the
51Ullmann coupling on-surface reaction, it is necessary to
52characterize the precursor’s conformation and the chemical
53intermediates formed, as well as the most stable final product
54of the reaction.
55Herein, we have studied the molecular self-assembly of a
56chlorinated porphyrin, 5,10,15,20-tetrakis(4-chlorophenyl)-
57 f1porphyrin (Cl4TPP), depicted in Figure 1, on Cu(111). By
58means of a combined experimental and computational study
59using scanning tunneling microscopy (STM), X-ray photo-
60electron spectroscopy (XPS), and density functional theory
61(DFT), we are able to image and unequivocally characterize
62the initial, intermediate, and final species after the deposition
63of Cl4TPP on Cu(111). Moreover, by comparing the
64calculated energy barriers for a Cu adatom-assisted Ullmann
65coupling reaction and a direct dechlorination of the molecule,
66we are able to determine the preferred pathway for this
67reaction. These calculations, in agreement with our exper-
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68 imental data, show that the organometallic C−Cu−C bond is
69 the expected final product of the reaction when heat
70 dissipation to the Cu substrate is taken into account.

71 ■ RESULTS AND DISCUSSION
72 In the gas phase, the Cl4TPP precursor adopts a square
73 nonplanar shape, with the pyrrole and chlorophenyl rings
74 rotated around the C−C bonds, as indicated in Figure 1. After
75 Cl4TPP deposition on Cu(111), the adsorbed isolated species
76 are mobile on the surface, whereas linear chains are less
77 mobile, at room temperature (Figure S1 in the Supporting
78 Information (SI)). By cooling the samples down to 233 K, we
79 drastically reduce the mobility and are able to precisely resolve
80 individual molecules. This already indicates that there is a high
81 activation barrier for surface migration.

f2 82 In Figure 2, we analyze the surface diffusion behavior of
83 Cl4TPP on Cu(111) via an Arrhenius plot of the temperature-
84 dependent rates. Similar to other tetraphenylporphyrins,22

85 Cl4TPP moves only along the three main ⟨110⟩ directions and
86 exhibits discrete rotations of ±60°. The data exhibits a clear

87linear dependence, consistent with the Arrhenius equation for
88surface diffusion
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89,22−25 where ν is the attempt frequency and ΔE is the
90activation barrier. From the slope, we obtain the migration
91barrier for unidirectional diffusion of ΔE = 0.77 ± 0.09 eV, and
92from the intercept an attempt frequency of ν = 1013±2 s−1.
93These values are comparable to ΔE = 0.71 ± 0.08 eV and ν =
941010.9±1.4 s−1 for 2H-tetraphenylporphyrin (2HTPP).22 The
95slightly higher migration barrier suggests a stronger molecule−
96substrate interaction for Cl4TPP compared to 2HTPP.
97Similarly, from the linear fit to the surface rotation data, we
98determine the rotation barrier ΔE = 0.93 ± 0.28 eV and the
99corresponding attempt frequency ν = 1015±5 s−1. The higher
100barrier for rotation compared to migration is again suggestive
101of a covalent interaction between Cl4TPP and Cu(111).
102Our STM measurements of Cl4TPP deposited on Cu(111)
103show individual molecules with a “rectangular” symmetry
104characterized by four bright protrusions at the corners of the
105 f3molecule and two bright central ovals (Figure 3a). To precisely
106measure individual molecules, we have performed statistical
107analysis of several STM images, including atomically resolved
108images, where porphyrin molecules are imaged simultaneously
109with Cu surface atoms (Figure S2 in the SI). From this
110analysis, the dimensions of a single molecule are determined to
111be a = 1.47 ± 0.05 nm and b = 1.11 ± 0.05 nm with a
112separation between the two bright central ovals of d = 0.46 ±
1130.05 nm (Figure 3a). This indicates that surface adsorption on
114Cu(111) elongates the porphyrin, reducing the symmetry from
115square to rectangular.
116Since STM measurements only provide geometrical
117information indirectly via the local electronic density of states,
118often their interpretation is not straightforward. To obtain
119deeper insight into the molecular conformation, we have
120performed structural relaxations of an individual Cl4TPP
121molecule on Cu(111) for the two main conformations of
122surface-adsorbed porphyrins26−28 (Figure 3b,c).
123Figure 3b shows our relaxed DFT structure (wire-frame
124model) and the resulting STM simulation. The overall
125structure of the molecule is almost parallel to the surface,
126except for the two opposing pyrrole rings (NC4). These
127pyrrole rings undergo a drastic rotation of ∼100° with respect
128to the surface plane, with their iminic (N−) atoms pointing
129toward the Cu(111) surface. The simulated STM image
130(Figure 3b) shows four bright protrusions at the corners and
131two bright ovals in the middle of the molecule, clearly
132reproducing the main features observed by STM. The
133calculated (measured) separations between the external Cl
134atoms are a = 1.56 (1.47 ± 0.05) nm and b = 1.07 (1.11 ±
1350.05) nm and between the rotated pyrrole groups are d = 0.52
136(0.46 ± 0.05) nm, showing a very good agreement between
137theory and experiment. In this distorted configuration, the
138distance between the two rotated pyrrole rings is too large to
139have significant face-to-face π−π interactions.29−31 Therefore,
140this drastic rotation of the pyrrole rings must be stabilized
141mainly by the interaction between the two iminic (N−)
142atoms and the Cu surface. Indeed, our DFT relaxed structures
143show that covalent N−Cu bonds are formed in a bridge
144position with a length of about 2.3 Å. This is consistent with
145our high measured activation barrier for surface migration and

Figure 1. (a) Top and (b) side views of the optimized gas-phase
structure for 5,10,15,20-tetrakis(4-chlorophenyl)porphyrin (Cl4TPP).
C, H, N, and Cl atoms are marked in gray, white, blue, and green,
respectively. Partial out-of-plane rotations of the chlorophenyl and
pyrrole rings are denoted by arrows. The separations between Cl
atoms are 1.34 and 1.36 nm, parallel and perpendicular to the N−H
bonds, respectively.

Figure 2. Arrhenius plot for the surface migration (filled squares) and
rotation (open circles) of Cl4TPP on Cu(111) with activation barriers
ΔE of 0.77 ± 0.09 and 0.93 ± 0.28 eV and attempt frequencies ν of
1013±2 and 1015±5 s−1, respectively.
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146 rotation arising from chemisorption rather than physisorption
147 (Figure 2). Moreover, the separation between the rotated
148 pyrrole rings (d = 0.52 nm) is commensurate with Cu(111),
149 i.e., the next nearest neighbor separation of 0.51 nm along the
150 ⟨110⟩ directions. This differs from the other coinage metals,
151 where the next nearest neighbor separation of 0.58 nm would
152 require further rotation leading to steric hindrance between the
153 rotated pyrrole rings.
154 Lepper et al. recently reported this extremely distorted
155 configuration for CN and H terminated porphyrins,26−28 as
156 seen previously by Albrecht et al.32 This configuration was
157 named the inverted structure by Lepper et al., and from here
158 on, we will use their nomenclature. In previous works,26−28 the
159 most commonly reported conformation of surface-adsorbed
160 porphyrins was the so-called saddle structure.33−35 To check
161 this possibility, in Figure 3c, we show our relaxed DFT
162 structure (wire-frame model) and the resulting STM
163 simulation for Cl4TPP adsorbed on Cu(111) in the saddle
164 conformation. Comparing Figure 3a−c, we find that the STM
165 simulation for the inverted conformation is in better agreement
166 with the measurement than for the saddle conformation. In
167 particular, Figure 3a does not feature the central gap, two
168 opposing “banana” structures, and more squarish shape of
169 Figure 3c, which are, however, in excellent agreement with the
170 saddle configuration rarely observed here (Figure S3 in SI) but
171 frequently reported for similar molecules.33,34 Moreover, our
172 DFT calculations show that Cl4TPP is physisorbed on
173 Cu(111) when in the saddle conformation, with a N···Cu
174 separation of 3.0 Å. This physisorption is inconsistent with the
175 high activation barriers we observe for surface migration and
176 rotation (Figure 2).
177 Moreover, according to the Sabatier principle of heteroge-
178 neous catalysis, the binding of the reagents must be neither too
179 strong nor too weak, but “just right”.36 On the one hand, this
180 implies that when Cl4TPP is physisorbed in the rarely observed
181 saddle conformation it is probably too weakly bound to have

182significant reactivity at low coverage. On the other hand, it also
183implies that when Cl4TPP is covalently bound in the inverted
184conformation it is both mobile enough for species to meet and
185sufficiently bound for species to react, as seen in our STM
186measurements. This underscores the important role played by
187the adsorption conformation in determining a precursor’s
188reactivity.
189Finally, careful observation of Figure 3a finds a brighter
190STM contrast in the diagonally opposite Cl atoms. To explain
191this observation, we have performed DFT calculations for
192Cl4TPP on Cu(111) with Cu adatoms underneath the Cl
193atoms which exhibit a brighter contrast. The resulting STM
194simulation is shown in Figure 3d, with top and side views of
195the structure shown in Figure 3e,f, respectively. Moreover, the
196presence of the 2 anchoring Cu adatoms explains why this
197particular molecule was stationary during 20 consecutive STM
198measurements. Note that a variety of contrasts were observed,
199e.g., one, two, three, or four bright spots, consistent with a
200corresponding number of Cu adatoms underneath the Cl
201terminations. However, our STM measurements of Cl4TPP
202deposited on Cu(111) most commonly exhibited a uniform
203contrast between the Cl terminating groups, resembling Figure
2043b.
205Overviews of the samples show that Cl4TPP molecules are
206oriented in three equivalent crystallographic directions with
207their long axis oriented along the ⟨110⟩ main directions of the
208 f4substrate (Figure 4a). To obtain a deeper insight into the
209molecule−molecule interactions, we have analyzed the main
210bonding motifs observed between neighboring molecules.
211On one hand, some molecules are bonded via single side-on
212interactions (Figure 4b). In this configuration, the Cl atoms of
213neighboring molecules are placed beside each other. This
214configuration is consistent with a noncovalent type I van der
215Waals (vdW) halogen···halogen interaction, where the C−Cl···
216Cl angles are approximately equal (θ1 ≈ θ2), as depicted in
217Figure 4c.37,38 For our relaxed DFT structure, we obtain θ1 =

Figure 3. STM images of an individual species of Cl4TPP as deposited on Cu(111) (a) high-resolution measurement (T = 233 K, A = 2.0 × 1.5
nm2, U = −1.5 V, I = 130 pA), and simulations in (b) “inverted” and (c) “saddle” configurations. (d) STM simulation and schematic (e) top and
(f) side views of Cl4TPP on Cu(111) with Cu adatoms below diagonally opposite Cl atoms. C, H, N, Cl, and Cu atoms marked in gray, white, blue,
green, and brown, respectively. Arrows in (e) and (f) indicate the ⟨110⟩, ⟨111⟩ and ⟨112⟩ crystallographic directions of Cu(111).
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218 97° ≈ θ2 = 107° and an intermolecular Cl···Cl distance of 3.54
219 Å, consistent with the sum of its vdW radius 3.50 Å.39

220 Moreover, our STM simulation40 (Figure 4b) is in excellent
221 agreement with our STM measurement (dashed rectangle of
222 Figure 4a), both in the dimensions and in the overall
223 appearance.
224 On the other hand, some molecules are bonded via single
225 head-on interactions (dotted and dashed ovals). In these
226 configurations, the “arms” of neighboring molecules are
227 collinear, that is, directly facing each other. From the STM
228 measurements, two different kinds of single head-on
229 interactions can be clearly distinguished, with one (dotted
230 oval) 0.54 nm longer than the other (dashed oval). The longer
231 single head-on interaction (dotted oval) is consistent with a
232 noncovalent type I vdW Cl···Cl interaction (θ1 ≈ θ2 ≈ 180°),
233 whereas the shorter single head-on interaction is covalent in
234 nature. This result suggests that after deposition at room
235 temperature some molecules undergo cleavage of the C−Cl
236 bonds as part of the on-surface Ullmann coupling reaction.
237 However, the relative ratio between head-on and side-on
238 interactions is time- and temperature-dependent. As men-
239 tioned, after the deposition of Cl4TPP on Cu(111), the
240 molecules are quite mobile at room temperature and some
241 changes occur in the samples as a function of time. A
242 “freshly”41 deposited sample typically has many isolated
243 molecules, side-on interactions, and relatively few head-on
244 interactions (∼25%). However, after 24 h at room temper-
245 ature, the isolated molecules are extremely difficult to observe
246 and almost all (∼99%) of the molecules are involved in head-
247 on interactions, with a majority being covalent in nature. These
248 statistics are taken from observations of approximately 300
249 molecules in representative images of the entire surface (see
250 Figure S4 in the SI). Taking into account that the growth of
251 molecular structures on surfaces is intrinsically a non-
252 equilibrium process governed by a competition between
253 kinetics and thermodynamics,42 our results clearly suggest
254 that some molecules do not react after deposition due to the
255 kinetics, i.e., the activation barrier that they need to overcome
256 or a limiting reagent for the process (e.g., Cu adatoms).

f5 257 Figure 5 shows an STM measurement of Cl4TPP molecules
258 after annealing at 350 K for 30 min. At this stage, the
259 molecules are mainly involved in head-on interactions forming

260various 1D chains. A double head-on configuration is shown in
261Figure 5b, where a small gap in the charge density between the
262molecules is clearly observed. For this arrangement, the
263distance between the closest pyrrole rings of neighboring
264molecules is L = 1.51 ± 0.05 nm, following the procedure
265described in Figure S5 of the SI. Figure 5c shows our STM
266simulation,40,43 where the distance between the neighboring
267pyrrole rings (L = 1.52 nm), the small gap in the charge
268density, and the overall structure of the molecules is consistent
269with our experimental results. From our relaxed DFT structure
270(Figure 5c), we obtain intermolecular Cl···Cl separations of
271≈4.6 Å, which is much larger than the sum of their vdW radii
272of 3.50 Å39 and a negligible binding energy between species.
273These results are in agreement with the observed instability of
274this structure in consecutive STM images acquired at 274 K
275(Video 1 in SI). For these reasons, we attribute the double
276head-on structure to confinement effects.
277At this point, it is worth highlighting the different behavior
278we have observed in the cleavage of the Cl atoms on the
279molecules. As we mentioned before, remarkably, even at room
280temperature, some molecules indicate cleavage of Cl atoms,
281whereas after annealing at 400 K for 30 min other molecules
282are still intact. This result might suggest that the rate-limiting
283step for cleavage of the Cl atoms is a limiting reactant (e.g., Cu
284adatoms) rather than a kinetic activation barrier.
285To gain additional insight into the chemical environment of
286the Cl atoms as a function of the annealing temperature, we
287 f6have performed XPS measurements. Figure 6 shows a
288summary of the dependence on annealing temperature of the
289XPS data for Cl atoms. XPS measurements of a freshly41

290deposited sample of Cl4TPP on Cu(111) show a main set of
291two peaks in the Cl region, which represent ∼61% of the total
292integrated area (blue fitting, Cl(1)). These peaks have a
293binding energy of 200.2(5) and 201.9(5) eV for the Cl 2p3/2
294and 2p1/2 peaks, in excellent agreement with the reference
295values for Cl atoms in chlorobenzene (C6H5Cl).

47 This allows
296us to assign the Cl(1) peaks to Cl atoms bonded to the
297molecules. As we increase the annealing temperature of the
298samples, the Cl(1) peaks start to decrease, whereas the Cl(2)
299peaks (orange peaks in Figure 6) increase in magnitude. The
300binding energies of the Cl(2) peaks are 198.2(5) and 199.7(5)
301eV for the 2p3/2 and 2p1/2 components, respectively, in
302quantitative agreement with the reference values for CuCl2.

47

303Based on this, we can attribute the Cl(2) peaks to Cl atoms
304that are cleaved from the molecule and are strongly interacting
305with the Cu substrate. XPS shows that, as the samples are

Figure 4. (a) STM measurement after deposition of Cl4TPP on
Cu(111) (T = 300 K, A = 7.0 × 7.0 nm2, U = −1.5 V, I = 130 pA).
van der Waals (vdW) (dotted oval) and covalent (dashed oval) single
“head-on” interactions and a single “side-on” (dashed rectangle)
interaction are marked. (b) STM simulation of the latter (dashed
rectangle in (a)), a type I van der Waals interaction (θ1 ≈ θ2), as
shown in (c). The white arrows shown in (a) indicate the ⟨110⟩
crystallographic directions of Cu(111).

Figure 5. (a) STM measurement after annealing of Cl4TPP deposited
on Cu(111) (T = 350 K for t = 30 min, A = 30.0 × 30.0 nm2, U =
−2.0 V, I = 200 pA). A double head-on configuration is marked
(dashed rectangle). Direct comparison of STM (b) measurement (A
= 3.0 × 3.5 nm2) and (c) simulation of the double head-on
configuration (dashed rectangle in (a)), with a distance between
pyrrole rings of L = 1.51 and 1.52 nm, respectively.
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306 annealed, Cl atoms are gradually cleaved from the molecules.
307 The presence of Cl(2) peaks at room temperature confirms the
308 cleavage of Cl atoms observed by STM (Figure 4a). Moreover,
309 the nearly complete dechlorination observed after annealing at
310 450 K is also confirmed by our STM measurements, which
311 show that molecules almost completely dechlorinated but
312 preserving their organometallic (C−Cu−C) nature (Figure S6
313 in the SI).
314 To determine if after the Cl cleavage the molecules are
315 stabilized by C−C covalent bonds or by C−Cu−C organo-
316 metallic bonds,48 we performed DFT simulations of these

f7 317 structures. Figure 7b,c shows the DFT relaxed structure (wire-
318 frame model) for C−Cu−C organometallic bonds and C−C
319 covalent bonds, respectively. Although the STM simulation of
320 C−Cu−C organometallic bonds shows a bright protrusion in
321 the bond between the molecules and a distance between the
322 two pyrrole rings of neighbor molecules of L = 1.54 nm
323 (Figure 7b), the STM simulation of C−C covalent bonds is
324 characterized by a uniform STM contrast in the bond with a
325 distance between the two neighboring pyrrole rings of L = 1.33
326 nm (Figure 7c). The better agreement between Figure 7a,b
327 allows us to assign the covalent single head-on interaction to a
328 C−Cu−C organometallic bond. For a comparison between the
329 C−Cu−C organometallic bond and the C−Cl···C config-
330 uration, see Figure S7 in the SI. For a three-dimensional high-
331 resolution image of a structure containing a C−Cu−C
332 organometallic bond see Figure S8.
333 In a final effort to shed light on the kinetics and
334 thermodynamics of the processes, we performed DFT energy
335 calculations for the relevant chemical species following two
336 different reaction pathways: direct dechlorination (red lines)

f8 337 and Cu adatom-mediated Ullmann coupling (blue lines), as

338 f8shown in Figure 8. Here, we reference all energies to that of
339Cl4TPP adsorbed on Cu(111) in the inverted conformation.
340The relative stability of saddle versus inverted conformations
341of Cl4TPP (Figure 8i,ii) is highly sensitive to the choice of
342exchange and correlation (xc) functional. When vdW
343interactions are neglected (PBE44 solid lines in Figure 8),
344inverted and saddle conformations are isoenergetic, whereas, if
345vdW interactions are included at the Grimme’s D3 level (PBE-
346D345 dashed lines in Figure 8), the inverted conformation is
3470.6 eV more stable than saddle conformation, as expected. If
348instead, vdW interactions are included at the self-consistent
349level (vdW-DF246 dotted lines of Figure 8), we find the
350opposite behavior.49 This suggests that PBE-D3 is the more
351robust xc functional for describing porphyrins on metal
352surfaces.26,27

353Nonetheless, the remainder of the pathway, referenced to
354the experimentally observed inverted conformation of Cl4TPP,
355is in semi-quantitative agreement amongst all three xc
356functionals. This suggests that our vdW-DF2 calculations
357benefit from an error cancellation between the various inverted
358structures in the pathway, and we may have confidence in all
359these results. From here on, we shall refer specifically to PBE-
360D3 energy values.
361To form a stable C−C covalent bond between molecules via
362the direct dechlorination path (Figure 8a), two isolated
363molecules (2Cl4TPP) first find a slightly more stable
364configuration interacting via a single side-on Cl···Cl interaction
365(Cl4TPP)2 (Figure 8a,iii). Then, after overcoming an energy
366barrier of 0.9 eV, a Cl atom is cleaved from one molecule to
367form the complex Cl4TPP···Cl3TPP (Figure 8a,iv).50 Finally,
368after overcoming a similar barrier, the second Cl atom is also
369cleaved from the other molecule and the final C−C covalent
370bond is formed between molecules (Cl3TPP)2 with a binding
371energy of 2.8 eV (Figure 8a,v). This C−C covalent bond is the
372energetically most favorable structure in a direct dechlorination
373process.
374In contrast, the reaction pathway to form a stable C−C
375covalent bond via a Cu adatom (Cuad)-mediated Ullmann
376coupling reaction is facile with no overall barrier (Figure 8b).
377In this case, one of the two isolated molecules first interacts
378with a Cu adatom (Figure 8b,iii), spontaneously forming a

Figure 6. Cl 2p XPS spectra (open symbols) after deposition of
Cl4TPP on Cu(111) (a) as grown at T = 300 K (circles), and after
performing post-deposition annealing at (b) T = 400 K (squares) and
(c) T = 450 K (triangles) for t = 30 min. Experimental fits (red lines)
and individual components from Cl in porphyrin (blue lines) and as
adatoms (orange lines) on Cu(111), with the fitted Cl 2p1/2 binding
energies (dashed lines) at 200.2(5) and 198.2(5) eV, respectively, are
shown. The area ratios of Cl in porphyrin to Cl adatoms obtained
from the deconvolutions are (a) 61:39, (b) 17:83, and (c) 11:89.

Figure 7. STM images of a covalent single head-on interaction for
Cl4TPP deposited on Cu(111) (a) measured (T = 400 K for t = 30
min) and (b, c) simulated for (b) a C−Cu−C organometallic
interaction and (c) a C−C covalent bond between two Cl3TPP
molecules.
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379 dimer complex with a partially dissociated C−Cl bond
380 (CuCl4TPP + Cl4TPP) and a binding energy of 0.2 eV.
381 Both molecules are then dechlorinated with no overall
382 activation barrier due to the stabilization brought about by
383 the Cuad underneath the dissociating C−Cl bond. This results
384 in the formation of a C−Cu−C organometallic bond with a
385 binding energy of 2.9 eV (Cl3TPP−Cu−Cl3TPP) (Figure
386 8b,iv).
387 These theoretical reaction pathways allow us to explain why
388 some Cl4TPP molecules on Cu(111) at room temperature
389 show cleavage of Cl atoms, whereas after annealing at 400 K
390 other molecules are still intact. In fact, even though the C−
391 Cu−C organometallic bond is thermodynamically more stable
392 than the adsorbed precursor molecules (either isolated or
393 interacting via side-on Cl···Cl interactions) and the Ullmann
394 coupling reaction is barrierless, not all molecules reach this
395 equilibrium state due to the limited availability of Cuad on the
396 surface, i.e., Cuad acts as a limiting reagent.
397 In a direct dechlorination process, the most stable species is
398 by far the C−C covalently bonded (Cl3TPP)2, whereas in a
399 Cuad-mediated Ullmann coupling reaction the C−Cu−C
400 organometallic bond is isoenergetic with the C−C covalent
401 bond between two molecules. To understand why the C−Cu−
402 C organometallic species (Figure 8b,iv) is strongly preferred
403 over the final C−C product (Figure 8b,v) under our
404 experimental conditions, we must consider the heat dissipation
405 to the Cu(111) surface, which is an excellent thermal
406 conductor. The organometallic C−Cu−C intermediate
407 features strong coupling to the Cu surface via its C−Cuad
408 and N−Cu bonds. In this way, before the C−Cu−C
409 organometallic intermediates can be demetallated, a heat
410 transfer to the substrate occurs that is sufficient to kinetically
411 trap the organometallic species.51 Without invoking heat
412 dissipation, one would expect a nearly 1:1 ratio of C−Cu−C to
413 C−C species, something which is not observed in our
414 measurements.

415Finally, it is important to highlight that the behavior of
416Cl4TPP on Cu(111) is a quite rich process that cannot be fully
417understood without considering the two reaction pathways
418described herein. Since the Cuad-mediated Ullmann coupling
419reaction is a facile and thermodynamically most stable process,
420the direct dechlorination process will only take place when no
421Cu adatoms are available. However, heating the Cu(111)
422surface naturally produces more Cu adatoms, so that the Cuad-
423mediated Ullmann process remains facile even under
424conditions where the barrier for direct dechlorination could
425be overcome. For this reason, we do not expect the direct
426dechlorination pathway to play a major role under ordinary
427conditions.

428■ CONCLUSIONS
429We have studied the surface migration, conformation, and
430Ullmann coupling reaction profile for 5,10,15,20-tetrakis(4-
431chlorophenyl)porphyrin deposited on Cu(111). We obtain
432significant surface migration and rotation barriers of 0.77 ±
4330.09 and 0.93 ± 0.28 eV, respectively, indicative of covalent
434binding to the surface. Surprisingly, we find that all adsorbates
435exclusively (≈100%) adopt a highly distorted molecular
436configuration where the pyrrole rings of the molecules are
437rotated ∼100°, the so-called inverted structure. Moreover,
438based on this conformation, we are able to unequivocally
439identify the bonding motifs: vdW single head-on and side-on
440Cl···Cl interactions, and Cu−Cl species; and the product: the
441organometallic C−Cu−C species, by our combined STM-DFT
442study. Finally, by simulating two different chemical reaction
443pathways, we have shown that a Cu adatom-mediated Ullmann
444coupling reaction is essentially barrierless, and the organo-
445metallic C−Cu−C species is the final product of the reaction
446under mild conditions when heat dissipation to the Cu(111)
447surface is taken into account.
448To summarize, we report (1) the first system to have
449chlorinated TPP molecules as building blocks for on-surface
450synthesis; (2) the first system to adsorb almost 100% in the

Figure 8. STM simulations and DFT reaction profile for the (a) direct dechlorination reaction (red lines) and (b) Cu adatom-mediated Ullmann
coupling reaction (blue lines). For each process we plot the energy of the (i, ii) precursors, (iii, iv) intermediates, (v) and final species (gray circles)
and two transition states (white circles) using Perdew−Burke−Ernzerhof (PBE)44 (solid lines), PBE-D345 (dashed lines), and vdW-DF246 (dotted
lines) exchange and correlation (xc) functionals. Structural schematics are provided in Figure S9.
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451 inverted structure conformation; (3) the first system to remain
452 exclusively in the inverted conformation throughout the
453 Ullmann reaction pathway, (4) the first elucidation of the
454 Ullmann coupling reaction profile for inverted porphyrins, and
455 (5) the first measurements of surface mobility of an inverted
456 porphyrin. Altogether, these results blaze the trail toward the
457 production of precisely tailored 2D molecular assemblies48 via
458 the controlled application of Cu adatoms to the molecular
459 precursors.

460 ■ METHODS
461 Experimental Setup. The experiments were performed in two
462 connected chambers. One chamber was equipped with an STM and
463 the other one with an XPS, low energy electron diffraction, home-
464 made Knudsen cell for molecule sublimation, and standard cleaning
465 facilities. The base pressure in the XPS chamber was in the low 10−10

466 mbar range and in the STM in the middle 10−11 mbar range. The
467 STM microscope used was a SPECS Aarhus 150 equipped with a
468 SPECS SPC 260 controller. The STM measurements were performed
469 in a constant current mode with a tungsten tip cleaned in situ by Ar+

470 sputtering. XPS was performed with a SPECS Phoibos 150
471 hemispherical analyzer with multi-channeltron detection. The
472 photons employed in XPS were obtained from an Al Kα anode.
473 The Cu(111) single crystal was prepared by several cycles of Ar+

474 sputtering (1000 V@∼5 μA cm−2) for 30 min with subsequent
475 annealing at 850 K for 20 min following a slow cooling ramp to ensure
476 large and well-ordered terraces. Cl4TPP molecules (5,10,15,20-
477 tetrakis(4-chlorophenyl)porphyrin) were sublimed in situ using a
478 home-made Knudsen cell from a quartz crucible at a temperature of
479 about 570 K, whereas the sample was kept at room temperature.
480 Coverage was determined using STM images. STM bias voltages are
481 with respect to the sample. The images were analyzed using WSXM
482 software.52 Cl4TPP molecules were supplied by Porphyrin Chemical
483 & Engineering.53

484 We obtained the molecular displacements from sequences of
485 consecutive STM images for a given temperature. This yielded the
486 mean square displacement ⟨Δx2⟩ and in turn the migration rate of
487 ⟨Δx2⟩/(λ2τ), where λ is the jump length, i.e., the lattice parameter of
488 2.55 Å along the ⟨110⟩ direction, and τ is the corresponding time
489 interval. Using the temperature-dependent rates we determined the

490
surface mobility using the Arrhenius formula ( )rate exp E

k TB
ν= − Δ ,

491 where ν is the attempt frequency and ΔE is the activation barrier. The
492 measurements and analysis were performed as described previ-
493 ously.22,23,25 We adhered to the following experimental protocol to
494 ensure proper measurements:23 (1) STM measurements were
495 performed in the tunneling resistance range of 1−10 GΩ or above
496 (U ≈ 1.5 V, I ≈ 150 pA) to avoid tip-induced effects;22 (2) a low
497 coverage was maintained on the surface to avoid molecule−molecule
498 interactions; (3) a large number of events were accumulated to
499 validate our statistical analysis (∼2000); and (4) measurements were
500 excluded when molecules were already trapped, e.g., at step-edges.
501 Our measurements followed ∼20 molecules in 900 nm2 images in
502 intervals of τ ≈ 400 s per sequence. Several sequences of STM images
503 in different and representative areas were used for each temperature,
504 where each sequence contains around 30 frames and in total, more
505 than 2000 independent events for each temperature.
506 Computational Details. All DFT calculations were performed
507 using linear combinations of atomic orbitals54 within the projector-
508 augmented wave method55 code GPAW.43 For the adsorbed species,
509 we employed a double-ζ-polarized basis set and a single-ζ-polarized
510 basis set for the Cu(111) surface. We employed three different types
511 of xc functionals: the generalized gradient approximation for the
512 exchange and correlation (xc) functional as implemented by Perdew,
513 Burke, and Ernzerhof (PBE),44 including vdW interactions at the
514 Grimme’s D3 level (PBE-D3),45 and including vdW interactions self-
515 consistently (vdW-DF2).46 We used a grid spacing of h ≈ 0.2 Å and
516 performed structural relaxation of the relevant species until a

517maximum force of ≲0.03 eV/Å was obtained. To model the
518Cu(111) surface, we have employed a 15 × 14 × 3 supercell of
5193.823 × 3.095 × 2.417 nm3, frozen to the experimental coordinates (a
520= 0.361 nm), with more than 1.5 nm of vacuum between repeated
521images. STM simulations have employed the Tersoff−Hamann
522approximation56 in a constant current mode with a bias of −1.5 V
523relative to the Fermi level as implemented in the code ASE.57 To
524estimate the C−Cl and C−C bond distances in the transition states
525during direct dechlorination and a Cu adatom-mediated Ullmann
526coupling reaction, we have performed nudged elastic band
527calculations for a chlorinated benzene with the anchoring C atom
528constrained to the same height and/or position as the relevant atom
529in Cl4TPP above the Cu(111) surface. The transition state energy for
530Cl4TPP was then estimated by fixing either the C−Cl or C−C bond
531distance and performing an otherwise unconstrained surface
532relaxation on the frozen Cu(111) surface slab.
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551Alejandro Peŕez Paz: 0000-0003-0959-7184
552Rodrigo Cezar de Campos Ferreira: 0000-0002-9866-7238
553Alisson Ceccatto dos Santos: 0000-0001-7619-3062
554Paola Ayala: 0000-0002-5851-6638
555Abner de Siervo: 0000-0002-7192-4740
556Author Contributions
557J.C.M.-L., R.C.d.C.F., A.C.d.S., and A.d.S. performed the STM
558and XPS measurements at Instituto de Fisica Gleb Wataghin in
559Campinas, Brazil. D.J.M. and A.P.P. performed the DFT
560calculations. J.C.M.-L, A.d.S., R.C.d.C.F., D.J.M., and A.P.P.
561analyzed the data. J.C.M.-L., A.d.S., D.J.M., P.A., and A.P.P. co-
562wrote the paper. A.d.S. and J.C.M.-L. conceived the study. All
563authors have read, and given approval to the final version of
564the manuscript.
565Notes
566The authors declare no competing financial interest.

567■ ACKNOWLEDGMENTS
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668S.; Stark, M.; Steinrück, H.-P.; Gottfried, J. M.; Marbach, H.
669Diffusion, Rotation, and Surface Chemical Bond of Individual 2H-
670Tetraphenylporphyrin Molecules on Cu(111). J. Phys. Chem. C 2011,
671115, 24172−24177.

(23) 672Eichberger, M.; Marschall, M.; Reichert, J.; Weber-Bargioni, A.;
673Auwar̈ter, W.; Wang, R. L. C.; Kreuzer, H. J.; Pennec, Y.; Schiffrin, A.;
674Barth, J. V. Dimerization Boosts One-Dimensional Mobility of
675Conformationally Adapted Porphyrins on a Hexagonal Surface
676Atomic Lattice. Nano Lett. 2008, 8, 4608−4613.

(24) 677Barth, J. V. Transport of adsorbates at metal surfaces: from
678thermal migration to hot precursors. Surf. Sci. Rep. 2000, 40, 75−149.

(25) 679Marbach, H.; Steinrück, H.-P. Studying the dynamic behaviour
680of porphyrins as prototype functional molecules by scanning
681tunnelling microscopy close to room temperature. Chem. Commun.
6822014, 50, 9034−9048.
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