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C
ontrol over molecules on the atomic

11 scale is routine in nature, for without
12 it hemoglobin could not transport
13 oxygen and almost all other biological pro-
14 cesses would be impossible. However, such
15 precise manipulation of matter on the smal-
16 lest scale is still some way off for humanity.
17 Considerable research has been focused on
18 this issue for the past 50 years,1�5 and with
19 the advent of scanning probe microscopy
20 and other highly local techniques, great
21 strides have been made in the fields of
22 atomic-scale manipulation,6�11 molecular
23 electronics,12�16 and molecular structure
24 determination.17�20

25 Three-dimensional (3D) transition metal
26 (TM) porphyrins have featured widely in
27 recent research due to their rich coordina-
28 tion chemistry, making them promising
29 candidates for a large number of applica-
30 tions such as catalysis, nonlinear optics,
31 enzyme models, sensors and molecular

32electronics.21�24 Learning fromnature, many
33biomimetic systems based on 3D TM por-
34phyrins have been studied22 and adapted for
35use in oxidation reactions.23 In particular,
36manganese porphyrin complexes have been
37shown to selectively catalyze the halogena-
38tion of C�H bonds25 and are often used as
39catalysts for the chemical transformation of
40alkenes into epoxides.26,27 Given the ability
41of porphyrins to bind and release gases and
42to act as anactive center in catalytic reactions
43in biological systems, porphyrin-based films
44on surfaces are extremely appealing as che-
45mical and gas sensors as well as nanoporous
46catalytic materials.23,28

47In the present work, scanning tunneling
48microscopy (STM), X-ray absorption (XA),
49X-ray photoemission spectroscopy (XPS),
50and density functional theory (DFT) calcula-
51tions have been employed to study the self-
52assembly and central ligand transformation of
53{5,10,15,20-tetraphenylporphyrinato}Mn(III)Cl

* Address correspondence to
sergey.krasnikov@dcu.ie.

Received for review March 3, 2014
and accepted April 26, 2014.

Published online
10.1021/nn501240j

ABSTRACT Oxygen binding and cleavage are important for both

molecular recognition and catalysis. Mn-based porphyrins in parti-

cular are used as catalysts for the epoxidation of alkanes, and in this

study the homolytic cleavage of O2 by a surface-supported mono-

layer of Mn porphyrins on Ag(111) is demonstrated by scanning

tunneling microscopy, X-ray absorption, and X-ray photoemission. As

deposited, {5,10,15,20-tetraphenylporphyrinato}Mn(III)Cl (MnClTPP)

has a flat orientation with its macrocycle parallel to the substrate and

the axial Cl ligand pointing upward, away from the substrate. The adsorption of MnClTPP on Ag(111) is accompanied by a reduction of the Mn oxidation state

from Mn(III) to Mn(II) due to charge transfer between the substrate and the molecule. Annealing the Mn(II)ClTPP monolayer up to 510 K causes the chlorine

ligands to desorb from the porphyrins while leaving the monolayer intact. The Mn(II)TPP is stabilized by the surface acting as an axial ligand for the metal

center. Exposure of the Mn(II)TPP/Ag(111) system to molecular oxygen results in the dissociation of O2 and forms pairs of Mn(III)OTPP molecules on the

surface. Annealing at 445 K reduces the Mn(III)OTPP complex back to Mn(II)TPP/Ag(111). The activation energies for Cl and O removal were found to be

0.35 ( 0.02 eV and 0.26 ( 0.03 eV, respectively.

KEYWORDS: porphyrins . axial ligand . self-assembly . scanning tunneling microscopy . X-ray absorption . X-ray photoemission
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54 (MnClTPP) on the Ag(111) surface. The results of this
55 work demonstrate the physical manipulation of an
56 axial bond through the application of heat, charge
57 transfer from the substrate to the molecule, and the
58 stabilizing effect of the underlying Ag(111) surface on
59 the oxidation state of the central TM ion and the
60 porphyrin itself. The reversible oxidation and reduction
61 of the central ion by gaseous O2 demonstrated here
62 paves the way for future studies on the applicability of
63 MnClTPP in gas sensing or catalytic applications.

64 RESULTS AND DISCUSSION

65 When deposited onto the Ag(111) surface at
66 room temperature (RT), the MnClTPP molecules self-
67 assemble at a monolayer (ML) coverage into a close-
68 packed layer (Figure 1F1 A and B) with a square packing
69 geometry and a lattice parameter of 1.41 ( 0.05 nm.
70 Occupied-state STM images of theMnClTPPmonolayer
71 obtained at negative sample biases (Figure 1A) show
72 the molecules as four bright protrusions correspond-
73 ing to the phenyl rings. These surround the porphyrin
74 core, which appears as a darker ring with a dark center.
75 This is consistent with previous studies of metallopor-
76 phyrins showing that the highest occupied molecular
77 orbitals are mostly localized on the phenyl rings.29�36

78 Furthermore, the rotated position of the phenyl rings
79 makes them topologically higher than the porphyrin
80 macrocycle.29�33,37,38 A rotational angle of 58� ( 1�
81 between the phenyl rings and the macrocycle plane is
82 predicted by DFT calculations of a single molecule
83 on the surface, and a schematic model of MnClTPP
84 on Ag(111) is shown in Figure 1C, with the Cl ion
85 displaced from its optimal position to show the under-
86 lying Mn center. When the unoccupied states of the
87 molecules are probed at specific positive sample biases
88 above 1.8 V (Figure 1B), the molecules show a bright
89 protrusion in the center corresponding to the Cl ligand
90 pointing out of the surface (green oval in inset). This is a
91 direct confirmation that the MnClTPP molecules arrive

92at the Ag(111) surface with the Cl ligand intact. This is
93further confirmed by the presence of the Cl 2p doublet
94in the corresponding XPS taken from 1 ML of MnClTPP
95(Figure 1D).
96The supramolecular ordering of a deposited por-
97phyrin overlayer is mostly triggered by the side groups
98on themolecule. Indeed, a similar packing schemewith
99the same geometry has previously been reported for
100tetraphenyl-porphyrins (TPPs) with different metal
101centers on noble metal surfaces: MnCl-, Co-, and
102Fe-TPP on Ag(111)29�31,33 and Ni-, Cu-, and Co-TPP
103on Au(111).32 The MnClTPP molecules on Ag(111) are
104rotated by 15 ( 2� with respect to the close-packed
105directions of the monolayer. Such a rotation allows the
106phenyl rings of adjacent molecules to interact in the
107so-called “T-shape” configuration, where the edge of
108one phenyl ring is directed toward the π-cloud on the
109face of its neighboring phenyl ring.39 This accounts
110for the strongly attractive interaction between mol-
111ecules and plays a major role in their self-assembly.
112A similar process has been noted to play a key role
113in both biological and chemical recognition and
114the interactions between the aromatic side-chains of
115proteins.40�42

116Also noted in the STM images is some “buckling” in
117the monolayer. This is illustrated in Figure 2 F2A, where
118the purple and green arrows (or dots) point to phenyl
119rings with inequivalent heights on opposite sides of
120the samemolecule. In this way one phenyl ring (purple)
121on each molecule is higher than the other three
122(green), and the side on which this occurs alternates
123alongmolecular rows. This is clearly visible in Figure 2B,
124which shows two line profiles taken across all the
125phenyl rings of two adjacent molecules, which are
126indicated by dashed rectangles in Figure 2A. In order
127to compare the two line profiles in Figure 2B, they are
128shifted by 25 pm relative to each other. Both line
129profiles show that one phenyl ring of each molecule
130is higher than the other three by almost 50 pm, while

Figure 1. (A, B) STM images of 1 ML of MnClTPP. Depending on the bias chosen, the center of the molecules appears dark
(A, Vsample =�1.4 V, It = 0.3 nA), or they have a bright protrusion (B, Vsample = 2.0 V, It = 0.2 nA) corresponding to the central Cl
ligand. Inset in (B) shows an expanded region of severalMnClTPPmoleculeswith themolecular model overlaid. The arrows in
(A) show the 15( 2� rotation of themolecules (short arrow)with respect to the close-packed direction of themonolayer (long
arrow). (C) DFT model of MnClTPP on Ag(111), with the Cl ion (yellow) displaced from its optimal on-top position for clarity.
(D) Cl 2p XPS measured from 1 ML of MnClTPP at incident photon energy of 300 eV.
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131 the height difference between the three lower phenyl
132 rings does not exceed 20 pm. This buckling of the
133 monolayer can be described by a

√
2 � √

2 R45� unit
134 cell shown in yellow in Figure 2A. It is noted that the
135

√
2�√

2 R45� unit cell is the smallest cell commensu-
136 rate with the Ag(111) surface, with the corner mol-
137 ecules situated directly above a substrate atom and
138 the central molecule situated on a bridge site between
139 two Ag atoms.29 It is unclear whether this “buckling” is
140 caused by the plane of somemolecules deviating from
141 a parallel orientation with the surface or by one phenyl
142 ring of each molecule being tilted almost perpendicu-
143 lar to the molecular plane. However, from previous
144 studies of porphyrin complexes on noblemetals,30,32,33

145 and the strength of the interaction between such
146 molecules and the surface, it is suggested that the
147 latter is the case.
148 The interaction between the π-system of the macro-
149 cycle and the substrate has already been mentioned,
150 and its significance is seen in the fact that the molec-
151 ular unit cell and the axes of the molecules themselves
152 are aligned along close-packed directions of the
153 surface. It is therefore clear that the strength of this
154 interaction is much larger than the energy required
155 to rotate one phenyl ring around a single C�C bond.
156 We propose that the molecules adopt this orientation
157 in order to relieve some strain on the molecular layer
158 and to facilitate a closer edge�face interaction be-
159 tween neighboring phenyl rings.
160 In order to identify the model for the molecular
161 overlayer on the Ag(111) surface, DFT calculations have
162 been performed. The phenyl rings have an axis of
163 rotation around the single C�C bond joining them to
164 the macrocycle. In order to match the molecular

165appearance from STM images, phenyl rings on adja-
166cent sides of the molecule were rotated in opposite
167directions. We refer to this as the “trans” conformation,
168shown in Figure 2C, distinct from the “cis” conforma-
169tion, where all four phenyl rings are rotated in the same
170direction (not shown here). This “counter-rotation”
171gives rise to some steric hindrance due to the proximity
172of the phenyl rings to the pyrrole rings of the porphyrin
173center. In turn, the macrocycle adopts a saddle con-
174formation in order to increase the π-electron coupling
175between the phenyl rings and the porphyrin
176macrocycle,43 with the outer carbon and hydrogen
177atoms of the adjacent pyrrole rings being pushed in
178opposite directions, into or out of the plane of the
179molecule.
180Since the occupied state STM images of MnClTPP
181molecules taken at low bias voltages are dominated
182by protrusions of different brightness corresponding
183to the adjacent phenyl rings, these features are used
184to support the saddling hypothesis. It is clear from
185Figure 2D that the brightest (upper) portions of the
186phenyl rings are not evenly spaced around the periph-
187ery of the molecule, as they would be in the cis phenyl
188conformation. Instead, the bright protrusions are ar-
189ranged at the corners of a rectangle, implying that
190the upper parts of the phenyl rings are tilted toward
191one another along the short side of the rectangle. This
192conformation is supported by DFT calculations, with
193the saddle-shaped transmolecule (Figure 2C) having a
194total energy 5 meV/atom lower than the planar cis

195conformation. As shown in the schematic comparison
196between the STM image in Figure 2A and the model
197in Figure 2D, this trans conformation reproduces the
198packing of themolecules verywell, with the uppermost

Figure 2. (A) STM of 1 ML of MnClTPP, illustrating the different rotational angles of phenyl rings attached to the same
macrocycle. The white dotted square shows the primitive 1� 1 unit cell, while the yellow dotted square shows the

√
2�

√
2

R45� unit cell. The purple solid dots and arrows highlight the “upper” phenyl rings, while green open dots and dashed arrows
correspond to the “lowest” phenyl rings of the molecules. (B) Line profiles across all phenyl rings of two adjacent molecules
indicated by dashed rectangles in A. An offset of 25 pm between the line profiles is made for clarity. (C) Model of an isolated
MnClTPPmolecule relaxed on Ag(111) usingDFT showing the trans arrangement of the phenyl rings. Yellow arrows highlight
the saddling of the macrocycle, while the red arrows show the rotation of the phenyl rings. (D) Schematic model of the
MnClTPPmonolayer. The uppermost atoms of the phenyl rings are highlighted, with one phenyl ring of eachmolecule shown
in purple to indicate the

√
2 �

√
2 ordering.
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199 parts of the phenyl rings highlighted, as these are
200 the brightest features on the STM image due to their
201 proximity to the tip.
202 Annealing of the MnClTPP ML at 510 K leads to the
203 complete removal of the Cl ligand. STM images ob-
204 tained after such annealing are shown in Figure 3F3 . The
205 occupied-state images ofMnTPP (Figure 3A) are almost
206 identical to that of MnClTPP prior to annealing. The
207 four phenyl rings are still visible, and the center of
208 themacrocycle appears dark, as in Figure 1A. It is noted
209 that the monolayer exhibits a square primitive lattice
210 with an unchanged lattice parameter of 1.41 (
211 0.05 nm. The rectangular arrangement of the phenyl
212 rings is also unchanged, implying that the removal of
213 the axial ligand does not greatly affect the meso-aryl
214 substituents. However, when the unoccupied states
215 are probed (Figure 3B), the appearance of the mol-
216 ecules is strikingly different.
217 The central protrusion seen in the images of the
218 unannealedmonolayer is now gone, providing evidence
219 for the removal of the Cl ligand. Instead, the molecules
220 appear as four large protrusions, corresponding to
221 the positions of the phenyl substituents. The absence
222 ofCl is further confirmedby theCl 2pXPSmeasured from
223 the monolayer after annealing to 510 K (Figure 3C). The
224

√
2 � √

2 R45� supramolecular ordering is retained and
225 visible in both the occupied- and unoccupied-state
226 images, suggesting that it is topological in nature (i.e., a
227 rotation of one phenyl ring out of the surface); however
228 in the latter case it is less pronounced.
229 In order to examine the behavior of the molecules
230 after the Cl ligand is removed, an MnTPP molecule on
231 Ag(111) was simulated by DFT. The fully relaxed model
232 is shown in Figure 3, along with the relaxed model of
233 the MnClTPP/Ag(111) system. As can be seen from the
234 side-views in Figure 3D and E, the removal of the Cl
235 ligand has little effect on the porphyrinmacrocycle and
236 its phenyl substituents, consistent with STM images.

237The Mn center in MnTPP, however, is situated 3.4 pm
238closer to the Ag(111) surface, and in turn the Ag atom
239directly below the Mn ion is pulled out of the surface
240toward the molecule by 8.7 pm. This result indicates
241that the Mn is coordinated by the Ag(111) surface,
242which acts as an axial ligand for the Mn ion, stabilizing
243the porphyrin.28,29 A similar proximity of the central 3D
244TM atom to the underlying surface has been observed
245for monolayers of Fe and Co tetraphenylporphyrins on
246the Ag(111) surface.44

247After removing the Cl ligand from themolecules, the
248resulting MnTPP/Ag(111) was exposed to molecular
249oxygen for various lengths of time in order to study the
250effect of oxidation on the molecular layer. STM images
251recorded after 15, 30, and 90min oxygen exposure at a
252partial pressure of 2� 10�6mbar are shown in Figure 4 F4.
253The lattice parameters of the ML are unchanged from
254those of MnClTPP and MnTPP, consistent with obser-
255vations that the meso-aryl substituents are the main
256factors in supramolecular ordering.33 It is observed that
257some molecules exhibit a very bright center, and the
258number of these molecules increases with oxygen
259exposure. Furthermore, it has been found that the
260oxidation usually proceeds by oxidizing pairs of neigh-
261boring molecules on the surface (see Figure 4A and B),
262so it is reasonable to assume that the O2 dissociates,
263resulting in MnOTPP complexes. A similar scenario has
264been observed for the MnCl-porphyrins on Au(111)
265and HOPG surfaces in STM experiments performed
266at a liquid�solid interface.20,28 It was found that Mn
267porphyrins in solution can bind and cleave O2, which
268results in Mn(IV)dO species.20,28 However, it has also
269been observed that the yield of oxidized manganese
270porphyrins was only in the range 10�20%, and a
271higher number of reacted molecules led to a decom-
272position of the molecular layer.20,28,45

273To test the correlation between the oxidation of
274one molecule at the same time as one or more of its

Figure 3. (A, B) STM images of 1 ML of MnTPP after annealing to 510 K. The occupied state image (A, Vsample = �1.4 V,
It = 0.3 nA) appears unchanged from the case of theMnClTPPmonolayer (Figure 1A); however in the unoccupied state images
(B, Vsample = 2.0 V, It = 0.2 nA), the molecules have dark centers, where the Cl ligand was previously visible. The

√
2�

√
2 R45�

unit cell is shown in black. (C) Cl 2p XPSmeasured from 1ML of MnTPP at an incident photon energy of 300 eV. (D, E) Relaxed
models calculated for MnTPP (D) compared to MnClTPP (E) on Ag(111). After the Cl ligand is removed, the central Mn ion is
situated closer to the surface, and an Ag atom is pulled upward toward the Mn, thus forming an axial ligand for the transition
metal and stabilizing the MnTPP.
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275 neighbors, the number of oxidized nearest neighbors
276 for a large number of oxidized molecules (∼2000
277 molecules in total) was counted, as shown in blue in
278 Figure 4D. This analysis has been performed using STM
279 images of the molecular layer exposed to 840 L of O2

280 (∼8% fraction of oxidized molecules). If the oxidation
281 were to follow an uncorrelated, random pattern, i.e.,
282 each molecule becomes oxidized independently of
283 its neighbors, forming MnO2TPP, then the number of
284 oxidized molecules in the monolayer would have a
285 binomial distribution at any given time.28 The binomial
286 distribution corresponding to the same fraction of
287 oxidized molecules as the experimental data (8%) is
288 shown in Figure 4D in red. It is clear that the number of
289 oxidized nearest neighbors in our experiment is corre-
290 lated, implying that when one porphyrin becomes
291 oxidized, its neighbor has an increased chance of
292 oxidizing. This supports the theory that the MnTPP/
293 Ag(111) system causes the O2 molecule to undergo
294 homolytic cleavage, and the free O atoms are likely to
295 bond with two neighboring MnTPP molecules.
296 Since this experiment has been performed under
297 UHV conditions, it emphasizes the role of the substrate
298 in O2 cleavage by MnTPP/Ag(111). The O2 dissociation
299 upon reaction with the MnTPP is facilitated by the
300 Ag(111) surface, from which an atom coordinates to
301 the Mn as an axial ligand (Figure 3D). Furthermore, in
302 the case of the MnTPP/Ag(111) system, the number
303 of molecules within the monolayer that have reacted
304 with oxygen reaches 90% (see Figure 4C). This is

305explained by the stability of the layer due to a sig-
306nificant interaction between the molecules and the
307substrate. Such an interaction prevents neighboring
308molecules from leaving their place in the layer to go on
309top of each other and form porphyrin dimers bonded
310through an O axial ligand. These dimers have been
311observed in STM experiments performed in solution
312and negatively affect the catalytic properties of the
313porphyrin layer, leading to its destruction.20,45

314The percentages shown on the STM images in
315Figure 4 indicate the amount of MnTPP molecules
316that have been converted to the MnOTPP state. After
317exposures of 90 min (10 800 L) or more, approximately
31890% of the molecules are converted to MnOTPP.
319However, at this point the oxidation appears to satu-
320rate, as the dependence of the fraction of oxidized
321molecules on oxygen exposure (Figure 4E) demon-
322strates. The logarithmic dependence and saturation
323of the oxidation process indicate that it is self-limiting
324and that only MnTPP molecules not yet converted to
325the MnOTPP state can cleave molecular oxygen. The
326number of unconverted molecules decreases with
327exposure, proving that oxygen atoms are trapped by
328the molecules after cleavage. The MnOTPP molecule
329on the Ag(111) surface was also simulated using DFT.
330The relaxed structure of MnOTPP (not shown here)
331exhibits a saddling of the molecule, similar to MnClTPP
332and MnTPP, with the oxygen atom of the lowest-
333energy structure pointing away from the surface,
334similar to the chlorine on MnClTPP.

Figure 4. STM images of 1 ML of MnOTPP after various oxygen exposures: (A) 15 min (1800 L) with ∼15% of the molecules
oxidized; (B) 30min (3600 L),∼40%oxidized; (C) 90min (10 800 L),∼90%oxidized.Vsample =�1.4 V, It = 0.3 nA in each case. (D)
Statistical distribution of the probability that an oxidized molecule has one or more nearest neighbors that are also oxidized
(blue), compared to a binomial (random) distribution for the case of uncorrelated oxidation (red). Images with∼8% oxidized
molecules were used for the statistical analysis. (E) Dependence of the fraction of oxidized molecules on oxygen exposure.
(F) STM image of a region of the oxidized Ag(111) surface free ofmolecules after several oxidation�reduction cycles, Vsample =
�1.5 V, It = 0.7 nA.
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335 It was found that annealing the MnOTPP monolayer
336 up to 445 K results in the desorption of oxygen bound
337 to the molecules without disturbing the structure of
338 the monolayer, and STM images of MnTPP identical to
339 those presented in Figure 3 were obtained (not shown
340 here). Several oxidation and reduction cycles of the
341 MnTPP/Ag(111) were performed without destroying
342 the molecular overlayer. However, patches of oxidized
343 Ag surface have been observed to form with time
344 (Figure 4F). It is known that the Ag(111) can be oxidized
345 by O2 through its dissociation only at very high oxygen
346 pressure and surface temperatures.46 Therefore, such
347 an observation confirms that the O2 is cleaved by
348 MnTPP/Ag(111), leading to MnOTPP/Ag(111). Anneal-
349 ing the latter releases oxygen atoms, which either react
350 with each other to form O2 or oxidize the substrate.
351 In order to explore changes in the oxidation state of
352 the central Mn ion at each step of the experiment, Mn
353 2p X-ray absorption spectroscopy has been performed.
354 The Mn 2p3/2 (L3) XA spectra consist of three main
355 features, labeled A, B, and C in Figure 5F5 . These struc-
356 tures result from transitions of the core 2p3/2 electrons
357 to the outer valence states and have been shown to
358 reflect the oxidation state of the Mn ion.47,48 However,
359 the decomposition of such spectra is complex,47,48 and
360 so here the main features will be treated as a “finger-
361 print” of the oxidation state.When theMn ion is in the II
362 oxidation state (MnO, Figure 5, curve 2), the B feature
363 dominates, with a significant contribution fromA and a
364 lower shoulder at C. In theMn(III) state (Mn2O3, Figure 5,
365 curve 1), the contribution of the C feature dominates.
366 In the case of a thick MnClTPP layer (Figure 5, curve 3),
367 the Mn 2p3/2 XA spectrum is similar to that measured
368 from a thick layer of theMn(III)Cl-octaethyl-porphyrin49

369 and has a shape characteristic of the Mn(III) oxidation
370 state.47,48 In turn, the Mn 2p3/2 XA spectrum of the
371 as-deposited monolayer (Figure 5, curve 4) exhibits a
372 shape characteristic of the Mn(II) oxidation state, very
373 similar to MnO and other Mn(II) compounds.47,48 This is
374 clear evidence that there is a significant charge transfer
375 (approximately one electron) from the substrate to the
376 porphyrin upon adsorption of the molecules, resulting
377 in the formation of the Mn(II)ClTPP/Ag(111) system.
378 Such a reduction of the Mn oxidation state from III to II
379 in the case of 1 ML cannot be accounted for by the loss
380 of the Cl axial ligand since the molecules stay intact, as
381 observed by STM and Cl 2p XPS (see Figure 1).
382 When the Mn(II)ClTPP/Ag(111) is annealed at 510 K,
383 the Cl ligand is removed, as confirmed by STM and the
384 Cl 2p XPS. However, from the shape of the Mn 2p3/2 XA
385 (Figure 5, curve 5) it is clear that the oxidation state of
386 theMn ion is unchanged.Without the Cl ligand, theMn
387 ion would be undercoordinated by the porphyrin
388 macrocycle alone. This supports the finding from DFT
389 calculations that the Ag(111) surface is indeed acting as
390 an axial ligand and stabilizing theMn(II) oxidation state
391 of the Mn ion center.20,28,29

392Upon subsequent exposure of theMn(II)TPP/Ag(111)
393complex to O2, the Mn 2p3/2 line shape changes signifi-
394cantly. As oxidation time increases, the relative con-
395tributions of the A and B features diminish, and
396the C peak gradually grows to be the principal feature.
397This implies that exposure to oxygen causes the Mn
398ion to change from the II oxidation state to the III.
399TheMn 2p3/2 XA spectra weremeasured after exposure
400to the same doses of O2 as the samples shown in
401Figures 4A�C,with spectrum6 (1800LofO2) correspond-
402ing to approximately 15% of the molecules oxidized,
403spectrum 7 (3600 L), 40%, and spectrum 8 (10800 L),
40490%. TheMnoxidation is reversible, and further annealing
405at 445 K removes the oxygen axial ligand, restoring the
406Mn(II) line shape (Figure 5, spectrum 9).
407In order to measure the activation energy required
408to initiate the desorption of the Cl axial ligand, Cl 2p
409XPS were recorded from the MnClTPP monolayer as
410it was annealed. The spectra presented in Figure 6 F6A
411were measured while the temperature was gradually

Figure 5. Mn 2p XA spectra acquired during the anneal and
subsequent oxygen exposure of theMnClTPPmonolayer on
Ag(111), compared to the MnClTPP multilayer spectrum
and reference spectra from Mn2O3 and MnO.48 In the case
of a multilayer (curve 3), the Mn 2p3/2 peaks have a shape
characteristic of the Mn(III) oxidation state. When 1 ML
is deposited (curve 4), the Mn oxidation state changes to
Mn(II) due to substrate�molecule charge transfer, resulting
in Mn(II)ClTPP/Ag(111). This is preserved upon annealing at
510 K to yield Mn(II)TPP/Ag(111) (curve 5). Upon exposure
to O2, the central Mn changes its oxidation state fromMn(II)
to Mn(III) (curves 6�8), leading to Mn(III)OTPP/Ag(111).
The Mn(II)TPP/Ag(111) system can then be regenerated by
further annealing at 445 K (curve 9), causing desorption of
the oxygen.
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412 increased, with the temperature shown on the right
413 of the plots. It is observed that at around 510 K the Cl
414 2p doublet is reduced to the level of the background
415 noise. The experiment was performed with a constant
416 heating rate of 10 K/min, and so the difference in area
417 between two spectra canbeused in anArrhenius analysis
418 to derive the rate of Cl desorption, k = A e�ΔE/kBT. A plot
419 of ln(k) vs 1/T is presented in Figure 6B. The slope of
420 the best-fit line gives a value for the activation energy
421 of ΔECl = 0.35 ( 0.02 eV.
422 The same procedure has been applied to obtain
423 the activation energy for the desorption of the O axial
424 ligand from the molecules. The O 1s spectra are pre-
425 sented in Figure 6C, with the temperature at which
426 each spectrum was recorded shown at the right side.
427 The shape and the energy position of the O 1s peak
428 measured from the oxidizedmonolayer at RT (Figure 6C,
429 top spectrum) are similar to those for chemisorbed
430 atomic oxygen on theMn/Pd(100) surface.50 This further
431 confirms the O2 dissociation and formation of the
432 Mn(III)OTPP/Ag(111) complex. The same heating rate
433 as for Cl desorption of 10 K/min was used. The O 1s
434 XPS data were treated similarly to the Cl 2p data, and

435Figure 6D shows the Arrhenius plot for oxygen desorp-
436tion. In this case, the activationenergy for thedesorption
437of O was found to be ΔEO = 0.26 ( 0.03 eV.

438CONCLUSION

439In summary, STM, XA, XPS, and DFT were used
440to study the self-assembly and the central ligand
441transformation of a surface-supported monolayer of
442(5,10,15,20-tetraphenylporphyrinato)Mn(III)Cl
443(MnClTPP). When deposited onto the Ag(111) surface,
444MnClTPP molecules self-assemble into large well-
445ordered molecular domains. Each molecule adopts a
446saddle conformation with the axial Cl ligand pointing
447out of the plane of the molecule into the vacuum. One
448phenyl ring of each molecule is rotated slightly closer
449to the surface normal, giving rise to a

√
2 � √

2 R45�
450molecular Bravais unit cell. Upon adsorption, the Mn
451oxidation state is reduced from Mn(III) to Mn(II) due
452to charge transfer between the substrate and the
453molecule.
454Annealing the Mn(II)ClTPP/Ag(111) up to 510 K
455causes the Cl axial ligand to desorb from the porphyrin
456while leaving the supramolecular order and Mn(II)

Figure 6. (A) Cl 2p XPS measured at an excitation energy of 300 eV while annealing the Mn(II)ClTPP/Ag(111) at varying
temperatures (shown on the right-hand side of graph). (B) Arrhenius plot of the logarithm of the Cl peak intensity vs the
reciprocal of the temperature, giving an activation energy for the desorption of Cl of ΔECl = 0.35 ( 0.02 eV. (C) O 1s XPS
measured at an excitation energy of 620 eV during the anneal of theMn(III)OTPP/Ag(111) system (temperature in K shown on
right-hand side). (D) Arrhenius plot of the logarithm of the O peak intensity vs the reciprocal of the temperature, giving an
activation energy for the desorption of O ofΔEO = 0.26( 0.03 eV. The error bars in B and D are based on the error in the areas
of XPS peaks determined from the uncertainty in the peak-fitting procedure.
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457 oxidation state unaffected. The Mn(II)TPP is stabilized
458 by the Ag(111) surface acting as an axial ligand for the
459 metal center. When the Mn(II)TPP/Ag(111) complex is
460 exposed to molecular oxygen, the latter dissociates,
461 forming O axial ligands and changing the oxidation

462state of the central Mn from II to III. Further annealing at
463445 K reduces the Mn(III)OTPP/Ag(111) complex back
464toMn(II)TPP/Ag(111). The activation energies for Cl and
465O removal, derived from the XPS data, were found to
466be 0.35 ( 0.02 eV and 0.26 ( 0.03 eV, respectively. 467

468 METHODS
469 The STM experiments were performed at 78 K in an ultra-
470 high-vacuum system consisting of an analysis chamber (with
471 a base pressure of 2� 10�11 mbar) and a preparation chamber
472 (5 � 10�11 mbar). An electrochemically etched [100]-oriented
473 single-crystalline W tip51,52 was used to record STM images in
474 constant-current mode. Due to the high stability of this tip,52

475 90% of the STM images recorded were similar to the ones
476 shown in this work. The voltage Vsample corresponds to the
477 sample bias with respect to the tip. STM topographic images
478 were processed using WSxM software.53 No drift corrections
479 have been applied to any of the STM images presented.
480 The Ag(111) crystal (Surface Preparation Laboratory) was
481 cleaned in situ by repeated cycles of argon ion sputtering
482 (Ek = 0.8 keV) and annealing at 820 K. The substrate cleanliness
483 was verified by STM and LEED before deposition of the
484 MnClTPP. MnClTPP was synthesized according to a published
485 procedure.28,54 Themolecules were evaporated in a preparation
486 chamber isolated from the STM chamber at a rate of approxi-
487 mately 0.2 ML per minute from a tantalum crucible in a home-
488 madedeposition cell operated at a temperatureof approximately
489 600 K. The total pressure during porphyrin deposition was in the
490 10�10 mbar range. Before evaporation, the MnClTPP powder was
491 degassed for about 2 h to remove water vapor.
492 XA and XPS measurements were performed at the D1011
493 beamline at MAX II storage ring in Lund, Sweden, with an
494 identical sample preparation procedure as for the STM experi-
495 ments. The XPS spectra were measured with a Scienta SES-200
496 electron energy analyzer. The kinetic energy resolution was set
497 to 100 and 300 meV for the Cl 2p and O 1s spectra, respectively.
498 The XA spectra were recorded in the partial electron yield mode
499 (U = �300 V) by a multichannel plate detector and normalized
500 to the background curves recorded from the clean substrate.
501 The photon energy resolution was set to 150 meV at the Mn
502 L3-edge (∼640 eV).
503 DFT calculations were performed using the Vienna Ab Initio
504 Simulation Package (VASP) program. VASP implements a pro-
505 jected augmented basis set (PAW)55 and periodic boundary
506 conditions. The electron exchange and correlation was simu-
507 lated by generalized gradient approximation (GGA) pseudopo-
508 tentials with a Perdew�Burke�Ernzerhof (PBE) exchange�
509 correlation density functional.56 A single k-point (Γ) was used
510 for all calculations to sample the Brillouin zone. The applied
511 energy cutoff was 400 eV. The global break condition for the
512 electronic self-consistent loops was set to a total energy change
513 of less than 1� 10�4 eV, and all conformations were fully relaxed
514 (forces <0.01 eV/Å). In the calculations, four layers of Ag were
515 used; with the lower two constrained to simulate the bulk. The
516 moleculeswere placed on top of the Ag(111) surface and allowed
517 to relax alongwith the top two layers of Ag. A vacuum slab of 10Å
518 was used to separate the system from its translational images.
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