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Abstract: The direct metalation of tetraphenylporphyrin with bare metal atoms (Co and Zn) was studied
with X-ray photoelectron spectroscopy, scanning tunneling microscopy, and temperature-programmed
reaction measurements on ordered monolayer films of the molecules adsorbed on a Ag(111) surface. The
mechanism of this novel type of surface reaction was investigated using density functional theory (DFT)
calculations for the related gas-phase reactions of the unsubstituted porphyrin with the metals Fe, Co, Ni,
Cu, and Zn. The reaction starts with the formation of an initial complex, in which the metal atom is coordinated
by the intact unreduced porphyrin. This complex resembles the sitting-atop complex proposed for porphyrin
metalation with metal ions in solution. In two subsequent steps, the pyrrolic hydrogen atoms are transferred
to the metal atom, forming H,, which is eventually released. The activation barriers of the H-transfer steps
vary for the different metal atoms. DFT calculations suggest that metalations with Fe, Co, and Ni show
two-state reactivity, while those with Cu and Zn proceed on a single potential energy surface. For metalation
with Zn, we calculated a barrier of the first hydrogen transfer step of 32.6 kcal mol™?, in good agreement

with the overall experimental activation energy of 31 kcal mol™.

Introduction

Metalloporphyrins were formed early in the history of the

prebiotic earth and played an important role in, for instance,

catalyzing the disproportionation of hydrogen peroxide.
Naturally occurring metalloporphyrins are among the most
important prosthetic groups for oxygen storage and tradsfer,
metabolisnt,® photosynthesi&and many other redox reactions
and small-molecule storage and transport purposes in biological

systems. Synthetic porphyrins have been used extensively a
model systems for investigating the complex biological functions

of natural porphyrin-containing systems. Although seemmgly
far removed from these important biological systems, ordere
monolayers of porphyrins on inert surfaée$ offer a unique
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opportunity to study the reactivity of porphyrin systems without
the perturbing influences of solvation, counterions, the protein
environment, an oxidizing atmosphere, or other environmental
effects. Generally, the influence of the surface on which the
porphyrins are adsorbed is considerably better defined (espe-
cially in the case of a single-crystal surface) than most other
environmental effects found in condensed-phase systems. In
addition metalloporphyrins are particularly suitable for surface
Junctlonallzatlon on the nanoscale, which is the key to tailoring
sensors, catalysts, and other devices whose functional principle
is based on the interaction of an active solid surface with another

d (liquid or gaseous) phase. They combine a structure-forming

element, the porphyrin framework, with an active site, the
coordinated metal ion. Another particular advantage of these
thin-film systems is that reactions such as coordination of metal
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atomd4'~15 or attachment of ligand€an be studied with surface-  unperturbed reactions of porphyrins adsorbed on inert metal
science techniques. These techniques, such as, for examplesurfaces combined with theoretical investigations of the same
photoelectron spectroscopy or scanning tunneling spectroscopyreactions in vacuo promise to provide a wealth of new
(STM), use ultra-high-vacuum (UHV) conditions, which ensure information about this important class of compounds. We
the absence of the environmental effects outlined above. Thetherefore now report a combined experimental and theoretical
high thermal stability of many (metallo)porphyrins allows for study of this unusual reaction under well-defined conditions.
film preparation by evaporation deposition despite the high In the following, we report a detailed analysis of direct
molecular weight of the moleculé$.Alternatively, ordered experimental observations of the metalation reaction for Co and
monolayers films of metalloporphyrins can be obtained by the Zn and gas-phase density functional theory (DFT) calculations
direct metalation of porphyrins adsorbed on an inert metal of the reaction pathways for Co, Fe, Ni, Cu, and Zn atoms with
surface by bare transition-metal atoms under UHV condifiré. porphyrin (2HP), which has been used as a model for 2HTTP.
This approach allows the in situ synthesis of those metallopor-
phyrins that are too reactive to be synthesized in solution or
not thermally stable enough for evaporation deposition. Experimental Techniques The X-ray photoelectron spectroscopy

We recently reported the first examples of the formation of (XPS) experiments were performed with a Scienta ESCA-200 spec-
cobalt(Il) and iron(ll) tetraphenylporphyrins (MTPPs,-¥MCo, trometer equipped with an Al & X-ray source (1486.6 eV), a
Fe)l213from the direct reaction of the bare metal atoms (Co or monochromator, and a hemispherical energy analy_zer_ (SES-20_O). The
Fe) and adsorbed tetraphenylporphyrin (2HTPP) molecules. overall energy resolutlop amounts to 0.3 eV. The binding energies are
Until now, we'21315and other¥ were only able to speculate referenced to the Fermi edge of the clean Ag surfége=t 0). The

bout th i hani . th i is fast tSTM images were acquired in a second UHV system using an RHK
abou € reaction mechanism, since the reaction IS fast at ., vyt s1Mm 300 with SPM 100 electronics and cut P/Ir tips as

300K (Qn the tlm-e scale of our experiment, i.e., ngeral minutes) STM probes. The images were taken in constant-current mode. Voltages
and no intermediates could be observed. Lowering the temper-gre given with respect to the sample. Moderate low-pass filtering was

ature to reduce the reaction rate is not a useful option becausexpplied for noise reduction. The STM data were processed with

Methods

this could make the diffusion of the metal atoms rate limiting.
Therefore, we needed to find a metal for which the activation
barrier of the metalation reaction is sufficiently high to make
the reaction slow at 300 K. Zinc proved to fulfill this conditith.
The wealth of mechanistic pathways open to transition metals
suggests such direct metalation reactions to be interesting
candidates for mechanistic studies. Although several theoretical
studies of porphyrin metalation by divalent metal ions in solution
have been reported;2° we are not aware of any theoretical
studies of the corresponding reaction with bare metal atoms.
There have, however, been many previous studies of the
electronic structures of the metalloporphyrfis?® These have
revealed states of different spin multiplicities that are close in
energy in many cases and, of particular interest for this study,
the possibility of two-state reactivity (TSR)in porphyrin
reactions. This concept has been used successfully to explai
reactivity patterns in biological systems, usually containing
iron—oxo species, and gas-phase chemistry of transition-metal
ions28 A prerequisite for TSR is usually a high-spin ground
state of the reactant and a low-lying low-spin excited state. Since
the products of the direct metalation reaction have spin states

n

WSxM.2° The base pressure in both UHV systems is in the low*4.0
mbar regime. The coverageis defined as the number of adsorbed
molecules or atoms divided by the number of substrate atoms;
“monolayer” denotes a closed adlayer of molecules with direct contact
to the substrate surface. Monolayers of 2HTPP and all MTPPs
investigated experimentally correspondéte= 0.037. This value was
determined with a combination of XPS, low-energy electron diffraction,
and STM. Well-ordered monolayers of all porphyrins (specified purity
>98%, Porphyrin Systems) were prepared by evaporation deposition
of multilayers at 300 K and subsequent annealing at 525 K as described
by Lukasczyk et at® N-deuterated tetraphenylporphyrin (2DTPP) was
prepared by reaction of 2HTPP with diluted.$D, at ambient
temperature. The degree of deuteration was determined by NMR
spectroscopy and was found to b80%. The deposition of metal atoms
was achieved with an Omicron EFM 3 electron-beam evaporator (Co)
or with a Knudsen cell evaporator (Zn). The sample was a Ag single
crystal (purity >99.999%) with a polished (111) surface, which was
aligned t0<0.1° with respect to the nominal orientation.
Computational Methods. Geometries of all structures were fully
optimized at the B3LYF~3 |evel of theory using the 6-31G{ )+
basis set and the 6-31G(d, p) basis set in combination with the
LANL2DZ %4 basis set with pseudopotentials for Co, Fe, Ni, Cu, and

different from those of the reactants, one would expect spin

crossover to occur in the course of the reaction. However, to (

the best of our knowledge, there are no studies involving
reactions with porphyrins that show the possibility of TSR
without axial ligands. Thus, experimental studies of relatively
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Figure 1. Room-temperature constant-current STM images of a monolayer
of 2HTPP (A) and after the evaporation of Gix, = 0.012+ 0.002 (B).

instrumental time resolution. Thus, it is now important to
develop a theoretical understanding of the mechanism of the
metalation reaction.

Density Functional Theory Calculations. The question
arises as to whether the metalation is a one-step reaction or
whether one or more intermediate species exist. The complexity
of the reaction (insertion of the metal atom (M), oxidation to
MZ2* and parallel reduction of hydrogen, release of hhakes
a multistep reaction probable. Even for porphyrin metalation
in solution, where usually no redox reaction involving dihy-

Both images were acquired at a current set point of 30 pA and bias voltagesdrogen is observed, an intermediate has been propésethis

of —0.15 and—0.21 V in (A) and (B), respectively. The 3D plots in (C)

and (D) are extracted from single molecules in (B) and represent a single
2HTPP and CoTPP molecule, respectively. The height ranges are (C)

0—0.0062 nm and (D) €0.011 nm.

Zn atoms. This combination is denoted B3LYP/6-31G@IpANL2DZ)

in the following. The Gaussian 03 program package was used for all
calculations'® Structures that contained Co, Ni, and Fe atoms were
also optimized at the B3LYP*/6-31G(d) level of thedWe used
different levels of theory because it is not cRawhich combination

of density functional method and basis sets is more appropriate for

treating metalloporphyrin systems. Stationary points were confirmed
to be minima or transition states by calculating the normal vibrations
within the harmonic approximation. All relative energies are corrected
for zero-point vibrational energies (ZPVES).

Results and Discussion

Scanning Tunneling Microscopy.As previously shown, the
reaction of adsorbed tetraphenylporphyrin with bare cébaittd
iront314atoms is fast at 300 K. Therefore, if activation barriers
exist, they must be lower than20 kcal mof?. In contrast,
metalation with Zn is very slow at 300 K and requires heating
to ~550 K1

“sitting-atop” (SAT) complex, the metal ion is already coordi-
nated to the nitrogen atoms of the porphyrin while the pyrrolic
hydrogen atoms are still in plade.

To obtain insight into possible reaction mechanisms, we
performed DFT calculations of the reaction of Co and other
transition-metal atoms with the porphyrin molecule (2HP).
Figure 2 shows the lowest energy reaction profile for the reaction
of a bare Co atom with 2HP at the different levels of theory.
The first stage of the reaction is the barrierless formation of
the novel H-metalloporphyrin compled (denoted thenitial
complexin the following). This reaction is found to be
exothermic with respect to the Co atom and 2HP at infinite
separation by-46.3 and—52.3 kcal mot?! at the B3LYP/6-
31G(d,py-LANL2DZ level for the high-spin (HS, spin 3/2) and
low-spin (LS, spin 1/2) states, respectively (energy differences
with respect to the low-spin complely. At two other levels of
theory{B3LYP/6-31G(d) and B3LYP*/6-31G(8)reaction is
even more exothermic. However, the separation between the
4Co and?Co states becomes somewhat too large (up to 40 kcal
mol~%, Figure 2). The quartet HS and doublet LS statésnd
21, have similar geometries with a distorted porphyrin core and

To extend and strengthen these experimental findings and todiffer in energy by only 0.1 kcal mot at both the B3LYP/6-

illustrate the coordination of Co atoms with 2HTPP, we now
report the first microscopic evidence for this in situ metalation

31G(d,p)rLANL2DZ and B3LYP/6-31G(d) levels. At the
B3LYP*/6-31G(d) level?1 was found to be more stable than

reaction with Co. These results were obtained using the 41 by 10.2 kcal motl. We cannot therefore assign a ground-
procedure described in ref 13. Figure 1A shows a high-resolution state multiplicity from the results of our calculations. The

STM image of a monolayer of 2HTPP. The molecules lie flat

geometry of this initial comple can be described in terms of

on the surface and are ordered in a square arrangement with an SAT complex (Figure 3), the formation of which has been

lattice constant of 1.4 nm. The central porphyrin rings are clearly

proposed for a variety of reactions between porphyrins and metal

visible, and the centers of the molecules appear as depression#nsin solution>2

(see also Figure 1C). After the evaporation deposition of cobalt

(60co = 0.012 £ 0.002, i.e., one-third of the stoichiometric
amount required for the complete metalation of the 2HTPP
monolayer), the STM image shown in Figure 1B was obtained.

The reaction can proceed from the initial compleky two
pathways21 and“1 form intermediateg2 and“2 via the late
transition state3TS1and*TS1, which describe a hydrogen atom
transfer from the nitrogen to the metal atom. We were unable

About 31% (statistics over larger scan areas) of the moleculestg fing the LS transition stateTS1 for this rearrangement at
now appear as protrusions (see also Figure 1D) that can beyne B3LYP/6-31G(d) level, despite many attempts. However,

identified as CoTPP! whereas the remainder still exhibit the

the computed barrier for the high-spin reaction via transition

features associated with 2HTPP. This indicates a high efficiency, state 4TS1 was found to be 9.4 kcal mol. The computed

close to 100%, for the Co metalation at the given amount of
evaporated Co, which is similar to our findings for P& hese
results together with our earlier spectroscopic findiAgsovide

barriers at the B3LYP/6-31G(d, ). ANL2DZ level are 13.2
and 15.7 kcal mot! for low and high spins, respectively (with
respect to the low-spin compleX). The energy difference

clear evidence for the Co metalation and some details associateghetyween the two transition states is 1.5 kcal Tholith LS

with the process. However, the limitations of the experimental
setup do not allow for the observation of the individual steps
involved in the complexation process itself, e.g., due to the

(48) Frisch, M. J.; et al., Gaussian, Inc., Wallingford, CT, 2004.

(49) Reiher, M.; Salomon, O.; Hess, B. Aheor. Chem. Acc200], 107, 48.

(50) Liao, M.-S.; Watts, J. D.; Huang, M.-J. Comput. Chen2006 27, 1577.

(51) Scudiero, L.; Barlow, D. E.; Hipps, K. WI. Phys. Chem. R00Q 104
11899.
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2TS1 being the more stable. Similar trends in relative stability,
but far lower barriers, were found at the B3LYP*/6-31G(d) level
(the barrier for the rearrangement is 0.5 kcal Mdbr low spin
and the low-spin transition staf@S1is 2.6 kcal mot! more
stable tharfTS1). However, this energy difference is once more

(52) Fleischer, E. B.; Wang, J. H. Am. Chem. Sod.96Q 82, 3498.
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Figure 2. Schematic energy profile for Co atom insertion into 2H¥E + ZPE in kcal mof* at B3LYP/6-31G(d) (first entry), B3LYP/6-31G(d;p).ANL2DZ

(second entry), and B3LYP*/6-31G(d) (third enfry)

Figure 3. Optimized geometries (B3LYP/6-31G(d{pECP LANL2DZ)
of the initial complexegl (first entry) and*1 (second entry). Bond lengths
are in angstroms.

too small for us to be able to assign a ground-state multiplicity
for the transition state.

The formation of intermediat2 is exothermic for both the
HS and LS pathways. However, the computed valueABf

The final complex3 can be described as @ with a loosely
bound B molecule. Thus, one would expeXto have properties
similar to those of CHP. The results obtained at the B3LYP/
631G(d,pHLANL2DZ level predict3 to have a doublet ground
state, while calculations with B3LYP and B3LYP* functionals
with the 6-31G(d) basis set predict it to be high-spin. The
difference between spin states, however, is about 7 kcal’mol
at the B3LYP/6-31G(d, pyLANL2DZ level and much larger
(ca. 12-20 kcal/mol) at the other two levels. Previous calcula-
tions of Cd'P identified the low-spin state as the ground state,
and the HS state was found to be 16.9 kcal Thabove the
ground stat@®

Thus, the overall reaction starting from the high-spin state
for the Co atom and ending with the formation of'®ocan
presumably be described as a two-state reactivity process.

The situation described above for the reaction of Co with
2HP is reproduced with some minor changes for the corre-
sponding reactions of Fe and Ni (Figures 4 and S1 of the

depend on the choice of functional and basis sets (Figure 2).Supporting Information).

Nevertheless, the high-spin stdfewas found to be somewhat
more stable thaf2.

The next reaction step is the very exothermic (up to 46.4
kcal mol1) formation of the CoP-H, complex 3 via the
transition staté¢TS2 (high-spin pathway) or via the transition
state2TS2 (low spin). Both transition state¥7S2 and 2TS2

The reaction with Fe is somewhat more complicated as it
also involves participation of an intermediate-spin $s 1)
state between the LSE 0) and the HS$ = 2) states in the
course of the reaction. From the initial compkxhe reaction
proceeds virtually without barriers until the final compléxs
formed. In the case of bothTS3 and 'TS4, the activation

occur early and describe synchronous hydrogen abstraction fromenergies with respect t# and5 were found to be 2.9 and

the pyrrolic nitrogen and formation of HThe reaction barrier
for this process is calculated to be only 1.9 kcal mdbr the
low-spin pathway (B3LYP/6-31G(d, p)L,ANL2DZ) and is
even smaller at the B3LYP/6-31G(d) and B3LYP*/6-31G(d)
levels of theory (Figure 2).

0.5 kcal mot?, respectively, without ZPVE correction. With
ZPVE applied both!TS3 and 'TS4 become lower on the
potential energy surface than the corresponding complekes
and!5 by 0.3 and 1.3 kcal mol, respectively (at the B3LYP/
6-31G(d,p)+LANL2DZ level of theory). In some cases we were

J. AM. CHEM. SOC. = VOL. 129, NO. 30, 2007 9479
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Figure 4. Energy profile for Fe atom insertion into 2HRAE + ZPE in kcal mof! at B3LYP/6-31G(d) (first entry), B3LYP/6-31G(d;p)-.ANL2DZ
(second entry), and B3LYP*/6-31G(d) (third enfry)

unable to locate transition states and local minima at all three is virtually no separation between triplet and singlet states in

levels of theory. 11, which suggests that spin crossover can occur near this
Again, similar to the situation with Co, the final compléx structure.

can be described as 'H--H,. Thus, one would exped to In contrast to these reactions with the earlier transition metals,

have properties similar to those of the free'Peporphyrin.  those with Zn and Cu (Figures 5 and S2 of the Supporting

Previously, extensive calculaticig* and experimental data Information) are calculated to proceed on single potential energy

for FeTPP suggested that'fRehas &A,q ground state and that  surfaces with spins 0 and 1/2 for Zn and Cu, respectively.
the energy separation between the triplet and the lowest quintet |, e case of zn metalation of 2HP, formation of intermediate

e . : :
Ag is 16.4 k(;,a!r’smo‘r (the experimental value for FETPP is g {5y the SAT complex7 is associated with the activation
14.3 keal mot™).>* Both B3LYP/6-31G(d, pyLANL2DZ and 5 jer (Figure 5:+32.6 and+34.8 kcal mot, B3LYP/6-31G-

B3LYP*/6-31G(d) predict6 to be more stable thai6 by ca. (d) and B3LYP/6-31G(d,p)LANL2DZ, respecti

. . - , , respectively).
10 kcal mot1, while at the B3LYP/6-31G(d) leveéb is more ) . o . ,
stable thar?6 by 7.3 kcal mot™. Reaction with Cu proceeds similarly to that with Zn with a

- 1 i
Nevertheless, the overall reaction with the Fe atom can also lower activation energy23.8 kcal mot®, B3LYP/6-31G(d),

be described as a two-state reactivity process, in which Figure S2 of the S.upportmg Information).
intermediate- and high-spin states are competive in energy and The results obtained at the B3LYP/6-31G(d) level appear to

may Cross. be more reliable for the later transition metals (Cu and Zn) than
The reaction of Ni with 2HP differs from that with Co in ~ those at the B3LYP/6-31G(d,p) ANL2DZ level because the

that the formation of complex1 via transition stateTS7 and latter predict that the formation of the initial complex for zinc

3TS7 has significantly higher activation barriers29.2 and is endothermic, which disagrees with the experimental observa-

+28.8 kcal mat?, respectively, B3LYP/6-31G(d,p)LANL2DZ) tions.

than those found for iron and cobalt (Figure S1 of the Supporting ~ X-ray Photoelectron SpectroscopyFor the spectroscopic
Information). The choice of functional and basis sets plays a investigation of the metalation reaction, we used the procedure
crucial role. All three levels of theory used here predict a very described in ref 12. Briefly, we prepared well-defined, ordered
large energy gap betweéiNi and 3Ni, although the results ~ monolayers of 2HTPP on a Ag(111) surface and subsequently
obtained at the B3LYP/6-31G(d, p)ANL2DZ level give a deposited stoichiometric amounts of the metal atoms. All
more realistic picture with respect to available experimental preparation and analysis steps were performed in a UHV
dat&* and calculation8>°¢1t is also worth mentioning that there  environment (see the Methods). Since this work is focused on
the reaction mechanism, we concentrate here on the metalation

(53) Boyd, P. D. W.; Buckingham, D. A.; McMecking, R. F.; Mitra, I8org.
Chem.1979 18, 3585.

(54) Moore, S. EAtomic Energy Leels NSRDS: Washington, DC, 1971. (56) Li, T.; Xie, X.; Gao, S.; Wang, C.; Cheng, W.; Pan, X.; Cao,JHMol.

(55) Mebel, A. M.; Hwang, D.-YJ. Phys. Chem. R00Q 104, 11622. Struct.. THEOCHEM2005 724, 125.
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Figure 5. Schematic energy profile for Zn atom insertion into 2KIRE + ZPE in kcal mof? at B3LYP/6-31G(d) (first entry) and B3LYP/6-31G-

(d,p+LANL2DZ (second entry). Bond lengths are in angstroms.

with zinc as the “slowest” of the reactions investigated, and
thus that that can provide the most mechanistic information.

Chemical analysis of the reaction systems was performed with
XPS. For studying metalation with Zn, we monitored two core-
level signals, N 1s and Zn 2p. In addition, we recorded C 1s
spectra, which did not significantly change during metalation.

Figure 6A shows the N 1s XP spectrum of a monolayer of
2HTPP on the Ag(111) surface. The two signals are assigned
to iminic (398.2 eV) and pyrrolic (400.1 eV) nitrogen
atomst2155759 vapor deposition of a small excess of Zn atoms
(6zn = 0.038; see the Methods) on this 2HTPP monolayer results
in the complex signal shown in Figure 6B. Subsequent heating
to 550 K induces formation of ZnTPP (Figure 6C), as confirmed
by comparison with the monolayer spectrum of directly vapor-
deposited ZnTPP (Figure 6D).

The simplest possible approach to interpreting the complicated
signal in Figure 6B assumes that it arises from a mixture of the
product, ZnTPP, and unreacted 2HTPP. Accordingly, we
attempted a deconvolution with the fitted signals of 2HTPP (blue
lines) and ZnTPP (green line). However, this did not result in

TIT T[T I T T[T T T[T I T [T T T[T 777

N 1s

Intensity (a.u.)

9% 14,

400 398 396
Binding Energy (eV)

o

402

a satisfactory agreement between the spectrum and the fittingrigure 6. N 1s XPS spectra of (A) a monolayer of 2HTPP on Ag(111),
curve. To obtain better agreement, it was necessary to introduce(B) after vapor deposition of Zn on the 2HTPP monolayer at 3084 £

two additional peaks, represented by the orange curves. Thesé’

additional signal components indicate the presence of an
intermediate species, in which the nitrogen atoms are not
equivalent. This intermediate is probably identical to the initial

(57) Gassman, P. G.; Ghosh, A.; Alffild.J. Am. Chem. Sod992 114, 9990.

(58) Ghosh, A.; Fitzgerald, J.; Gassman, P. G.; AlinloInorg. Chem.1994
33, 6057.

(59) Goll, J. G.; Moore, K. T.; Ghosh, A.; Therien, M. J. Am. Chem. Soc.
1996 118 8344.

.038), and (C) after subsequent heating of the Zn/2HTPP coadsorbate to
50 K. (D) N 1s XPS spectrum of a monolayer of ZnTPP on Ag(111) for
comparison. Line colors: blue, 2HTPP; green, ZnTPP; orange, intermediate;
red, envelope.

complex7 (see Figure 5 and discussion of the computational
results above), in which the Zn atom is coordinated by the
porphyrin, while the two pyrrolic NH bonds are still intact.

In line with this conclusion, the two peaks of the intermediate
species are closer to the product signal than those of 2HTPP,

J. AM. CHEM. SOC. = VOL. 129, NO. 30, 2007 9481
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Figure 8. Temperature-programmed reaction curve (detected m&ss
4) of the reaction between 2DTPP and Zn on a Ag(111) surface. The heating
rate was 5.0 K/s. The red line is shown as a guide to the eyes.
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Figure 7. Zn 2psj2 spectra of (A) Zn on Ag(111)8z, = 0.043), (B) after
deposition of Zn §z, = 0.038) on a monolayer of 2HTPP, and (C) after
subsequent heating to 550 K. (D) Zns2Zmspectrum of a directly deposited
monolayer of ZNTPP on Ag(111) for comparison. Line colors: black; Zn
green, ZnTPP; orange, intermediate; red, envelope.

Intensity (a.u.)

which is reasonable because the chemical state of the nitrogen P T PRV
atoms in the initial complex should lie between 2HTPP and 402 & ‘:;_)0 e 393V 396
ZnTPP. Further evidence for the existence of this species is inding Energy (eV)

; ; ; ; ; Figure 9. N 1s XPS spectra (A) after deposition of zirttz{ = 0.037) on
provided by the Zn 2p, XPS spectra in Figure 7, in which an the Ag(111) surface, followed by deposition of a monolayer of 2HTPP at

intermediate state of Zn is observed. The respective signalyjs K, (g) after subsequent warming of the Zn/2HTPP coadsorbate to
component (Figure 7B, orange line) is located at 1021.7 eV, 300 K, and (C) after heating to 550 K. Line colors: blue, 2HTPP; green,

i.e., between the signals of 21§1021.3 eV, black line) and ~ ZnTPP; orange, intermediate; red, envelope.

ZnTPP (1022.2 eV, green line). . which was neglected in the DFT calculations, is small. This is

Temperature-Programmed ~ Reaction  Measurements ot surprising, because, as will be explained below, a substantial
(TPRMs). The relatively high activation barrier for metalation jnfluence of the surface on the energetics and kinetics of the
with Zn (the calculated values are=" = 32.6 kcal mol* and reaction is only expected for the first reaction step, in which
AG* = 32.8 kcal mot* at the B3LYP/6-31G(d) level andE* the initial complex7 is formed. In the TPR experiment, however,
= 34.8 kcal motf* andAG* = 35.2 kcal mot* at the B3LYP/ e determine the activation energy of the rate-limiting step,
6-31G(d,p}r LANL2DZ level) made it possible to observe the  which is the hydrogen transfer from a pyrrolic nitrogen atom
initial complex7 in the experiment. To obtain an experimental g the zn atom, i.e., an isomerization reaction of the complex
estimate of this activation energy, we performed a temperature-in which formally no bond to the surface is formed or broken.
programmed reaction experiment. A stoichiometric amount of |, oyr calculation, we assumed that the metal atom is initially
Zn was deposited on a monolayer of 2DTPP (N-deuterated j; the gas phase. Accordingly, we find no barrier for the
2HTPP) on Ag(111) at 250 K. Thereafter, the system was heatediormation of the initial complex. In reality, however, the metal
with a constant ratefc K s™* while the release of P(as the  a10m may adsorb first on the surface and then diffuse to the
expected reaction product) was detected with a mass spectromreaction site, where it is eventually coordinated. In this case,
eter®® We found a maximum B production at 510 K formation of the initial complex includes cleavage of the
(Figure 8). Using Redhead's approximatfdnye estimated an  chemisorptive bond between the Zn atom and the surface, a
activation energy ofAE* = 31 kcal mol™, assuming &  process that will certainly result in an activation barrier.
preexponential factor of 28s™*. Alternatively, we employed Eyidence for such a participation of the surface and the existence
a modified Redhead relation (see the Supporting Information) of this mechanism is provided by our recent study in which Zn
to estimate a Gibbs activation energy/s®* = 32 kcal mof* was deposited on the Ag surfapgor to the deposition of the
(without making assumptions about the frequency factor). Both porphyrinis This procedure led to the same result as the reverse
values are in excellent agreement with our DFT calculations. grger of deposition.

The close agreement between experimental and theoretical |t the formation of the initial complex is indeed activated, as
values suggests that the influence of the surface on the reactant§pese considerations suggest, then it should be possible to
(60) 2DTPP was used becausg iB easier to detect in a UHV environment, suppress this reaction by SUfﬁC,iently lowering the tempergture.

which usually contains Has a residual gas. The differences between the The results of the corresponding low-temperature experiment
activation energies for 2HTPP (theory) and 2DTPP (experiment) can be 5.0 shown in Figure 9. Figure 9A shows the N 1s XPS spectrum

neglected at our level of accuracy. . .
(61) Redhead, P. Avacuum1962 12, 203. taken after deposition of zin@f, = 0.037) on the Ag(111)
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surface, followed by deposition of a monolayer of 2HTPP at In contrast to the situation in solution, the reaction here is a
115 K. This spectrum is identical to that of a 2HTPP monolayer redox process that results in a release of Fhe rate of this
on the clean Ag(111) surface and thus indicates that no reaction is controlled by the transfer of a pyrrolic N-bound
formation of the initial complex occurred. Warming the sample hydrogen atom to the metal center of the initial complex. The
to 300 K, however, clearly induced partial reaction to the initial activation energy of this rate-limiting step varies for the different
complex, as revealed by Figure 9B. Heating to 550 K eventually metal atoms. For metalation with zinc, we found an activation
completed the reaction to ZnTPP (Figure 9C). We note that the energy of 31 kcal mott in the experiment and 32.6 kcal mé|
rate of formation of the initial complex is not necessarily with DFT. The overall reactions of Fe, Co, and Ni are very
controlled by the insertion of the metal atom into the porphyrin, much faster and can be described as potential two-state reactivity
as was assumed above, but may alternatively be controlled byprocesses, whereas those with Cu and Zn proceed on a single
the diffusion rate of the metal atoms on the surface. potential energy surface.

The preceding considerations suggest that the influence of ]
the surface on the kinetics and energetics of the reaction is _ Acknowledgment. This work was supported by the Deutsche
mainly restricted to the first reaction step, the formation of the Forschungsgemeinschaft through SFB 583, “Redox-Active
initial complex. The further reaction steps should be less affected Metal Complexes; Control of Reactivity via Molecular Archi-
by the surface, because they are isomerization or decompositiorf€ctures”, by a grant of computer time on thédtstleistungs-
reactions in which no bonds to the surface are formed or cleaved.'échner in Bayern Il (HLRB II), and by the award of an
For further verification of this assumption, calculations that Alexander-von-Humboldt Fellowship to T.E.S.

include the surface are under way. Supporting Information Available: Modified Redhead equa-

Summary and Conclusions tion, energy profiles for Ni and Cu atom insertion into 2HP,
complete ref 48, and the Gaussian Archive entries and absolute
energies for all computed species. This material is available free
of charge via the Internet at http://pubs.acs.org.

We have demonstrated that the direct metalation of porphyrins
with bare transition-metal atoms proceeds via an initial complex
which has a structure similar to that of the SAT complex
proposed for reaction of porphyrins with metal ions in solution. JA072360T
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