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ABSTRACT

The self-assembly of organic and metal-organic species at metal surfaces is a topic of high interest for applications
that can benefit from tunable surface functionalization through organic building block design. As the complexity of
molecular building blocks increases to direct ordering and function, thermal stability of the adsorbate often in-
creases opening up new surface-catalyzed reaction pathways. We report dehydrocyclization of octaethylporphyrin
to tetrabenzoporphyrin on the Cu(100) and Ag(111) surfaces at 500-600 K. Dehydrocyclization of smaller species is
not typically observed on these surfaces at low pressure due to short adsorption lifetimes. The dehydrocyclization of
peripheral ethyl groups forms benzo groups which then undergo additional dehydrogenation. The reaction
products are characterized by high resolution electron energy loss spectroscopy (HREELS), scanning tunneling
microscopy (STM), and X-ray photoelectron spectroscopy (XPS). These results extend our understanding of reaction
pathways that may be encountered as molecular building blocks increase in size and complexity on relatively inert
surfaces.

Scanning tunneling microscopy

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Surface patterning with organic molecules is a strategy of growing
interest to develop electronic [1,2] and catalytic chemical functions [3]
in organic thin films [4]. Porphyrin molecules, such as those studied
here, are often used in optical adsorption films [5,6] or thin film elec-
tronics [7]. Many of these potential applications benefit from excellent
ordering and chemical fidelity during film formation [8]. Structural
organization has been directed by covalent interactions [9], metal-
organic coordination [10], electrostatic interactions [11], hydrogen-
bonding interactions [12], or van der Waals (vdW) contacts [13-15].

Studies of surface patterning and functionalization by tailored or-
ganic molecules often employ relatively inert surfaces, such as Au, Ag,
Cu, and graphite. As larger and more complex molecules are developed
for surface functionalization, the thermal adsorption stability increases
and new surface-catalyzed reaction pathways need to be considered
as these may impact short-term and long-term performance of these
layers. Here, we study the dehydrocyclization of ethyl-functionalized
porphyrin molecules on Cu(100) and Ag(111) surfaces upon annealing
to 500-600 K (Scheme 1).
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Dehydrogenation of alkane chains occurs at high temperature in
the gas phase (~750-1150 K) and so the reaction is typically
performed in the presence of a solid catalyst [16], commonly Pt or PtSn
alloys, in the temperature range of 300-500 K [17]. Dehydrocyclization
reactions, a subset of dehydrogenation reactions that involve the
further step of ring formation, are of high interest for the oil refining
industry as a method to increase the octane number of fuels [18].
Dehydrocyclization requires high temperature (873 K for 1,3-pentadiene
to cyclopentadiene [19]) or a catalyst, such as Ir or Ru complexes [20,21];
zeolite materials loaded with Co, Pt, Cu, Zn, Ga, or In metals [22-24]; or on
Rh, Ir, Ni, Pd, Pt, CusPt, or W carbide surfaces [25-36]. Most of the
dehydrocyclization surface studies rely on surfaces that can catalyze the
reaction at a temperature below thermal desorption [37-39]. Single crys-
tal surfaces of Cu, Ag, and Au are typically considered inert for this reac-
tion because of the low desorption temperature (<300 K) of small
molecule species (<Cyg) of alkanes, alkenes, alkynes, cyclohexanes, and
cyclohexenes [40-43]. Substituted benzene rings such as styrene [44,
45], phenylacetylene [46], 1-phenyl-1-propyne [47], and naphthalene
[48,49] also desorb from Cu and Ag surfaces at lower temperatures
(<400 K). These relatively inert surfaces only become active for
dehydrocyclization at high pressure and high temperature [19,50,51].
There have been several examples of cyclodehydrogenation of aromatic
rings on Cu(111) or Pt(111) [52,53], including some that formed more
extended polyaromatic structures [54-57]. Previous dehydrocyclization
studies of alkane substituted porphyrins used Fe-OEP, which was
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Scheme 1. Dehydrocyclization of octaethylporphyrin (OEP) to tetrabenzoporphyrin
(TBP).

characterized through Kondo resonance and scanning tunneling
microscopy (STM) on Cu(111) and Au(111) [58,59]. In these studies,
porphyrin molecules were stable on the surface up to temperatures of
430 Kon Cu(111) and 530 K on Au(111) where dehydrocyclization
of the alkanes took place. More recently, ethyl-substituted phthalo-
cyanines have been shown to form polymeric surface structures or
monomers with closed rings by dehydrogenation on Au(111) [60].
To the best of our knowledge, no vibrational surface studies have
shown dehydrocyclization on Cu(100) or Ag(111) surfaces.

This study provides spectroscopic evidence for dehydrocyclization of
alkane substituents on porphyrin molecules, catalyzed by Ag and Cu
surfaces. We report dehydrocyclization of peripheral ethyl groups
on octaethylporphyrins (OEP) on Cu and Ag surfaces. Beyond the
dehydrocyclization reaction, we observe an additional dehydrogenation
step. We additionally found that this dehydrocyclization reaction is sen-
sitive to the metal substrate utilized, but is insensitive to Pt metallation
within the ring.

2. Experimental

OEP and TBP were purchased from Frontier Scientific (>95% purity)
and Pt-OEP was purchased from Sigma Aldrich (98% purity). Each was
degassed in ultra-high vacuum (UHV) overnight for further purification
(OEP and Pt-OEP at 410 K and TBP at 520 K). OEP and Pt-OEP were
deposited at 490 K and TBP at 620 K from a Knudsen-type evaporator
to achieve a deposition rate of about 0.1 monolayers per minute, as
monitored by quartz crystal microbalance (QCM). The surface coverage
was verified using Auger electron spectroscopy (AES), where the full
monolayer (1.0 ML) is calibrated by observing a slope change in AES
intensity vs. deposition time upon monolayer completion and initiation
of the second layer. In the studies presented here, we used a surface
coverage of about 0.75 ML.

In each experiment, a Cu(100) or Ag(111) surface was cleaned by
cycles of 1.5 keV Ar™ sputtering followed by thermal annealing at
730 K. Clean surfaces were indicated by low diffuse background intensi-
ty and high metal to carbon signal ratio in Auger spectra and sharp low
energy electron diffraction (LEED) patterns. The surface was cooled
gradually to 320 K before deposition. Organic deposition was done in
a separate but connected UHV chamber. Sample surface temperature
was monitored by a thermocouple attached to the back side of the
sample stage, which had been previously calibrated to the surface tem-
perature. Incremental annealing experiments were conducted with
15 minute annealing time at each temperature.

All HREELS experiments were performed with a double-pass 127°
angle cylindrical deflection electron spectrometer (LK Technologies,
model LK 2000) operated at an initial beam energy of 10 eV and a
peak width of 58 4 6 cm ™.

The scanning probe microscopy (SPM) system is equipped with both
STM (SPM UHV 750, RHK Technologies) as well as X-ray photoelectron
spectroscopy (XPS) (electron energy analyzer PHOIBOS 150 and Mg/Al

dual anode X-ray source XR-50, SPECS GmbH). The interconnected
vacuum chambers allow for STM and XPS on the same samples without
exposure to air. STM imaging and XPS acquisition were conducted
at room temperature. The well-characterized, (3 x 3) structure of
terephthalic acid on the Cu(100) surface [61-63] was used to calibrate
the SPM instrument. Sharp tungsten STM tips were fabricated with
electrochemical etching. Bias voltages of 1.0 to 1.2 V and set point
currents from 0.2 to 0.4 nA were generally used for the STM imaging.
STM image analysis was conducted using the WSxM software [64].

3. Results and discussion
3.1. Adsorption of OEP and Pt-OEP on Cu(100) and on Ag(111)

OEP and Pt-OEP were each studied by HREELS on each of two sur-
faces: Cu(100) and Ag(111). In each experiment, 0.75 ML of one of the
molecules was deposited to the surface while the surface was held at
room temperature. HREEL spectra for each of these four experiments
are shown in Fig. 1. The spectra were normalized by the average inten-
sity of the flat background between 2220 and 2460 cm ™~ to account for
differences in initial beam current. Peak assignments were made by
comparison to prior vibrational spectroscopy studies of porphyrins
[65-67] and are summarized in Table 1.

The features in the HREEL spectra can be organized into five regions
(Figs. 1 and 2 and Table 1) based on assignments made in previous stud-
ies of related systems [65,67] and on DFT calculations of vibrational
spectra [68]. The peaks at 347, 435, 632, and 779 cm™~! are out-of-
plane deformations of the porphyrin ring [65,67] (peak energies in
this paragraph are for OEP/Cu(100), others are listed in Table 1). The
peaks at 955 and 1028 cm™! are rocking vibrational modes of the
ethyl groups [65,67]. In-plane deformation modes are observed at
1120 and 1180 cm™"'. The ethyl C—C stretching modes were assigned
to the three peaks at 1307, 1365, and 1432 cm™'. C—H stretching
modes account for the features in the range 2900-3100 cm™ .. Our ex-
periments indicate two sets of C—H stretching modes. The more intense
set is due to the ethyl C—H stretch (2846 and 2912 cm™'). The other
C—H feature is a shoulder on the high energy side of the peak
(~3100 cm™ '), which is due to the C—H stretch at the methine C on
the side of the ring. The latter is expected to shift to higher energy
(above 3100 cm™ ', as in Fig. 2) upon metallation of the porphyrin [65].

In STM images OEP on Cu(100) appears as single lobes that do not
exhibit long range ordering (Fig. 3A). On Ag(111), OEP molecules also
appear as single lobes, but do order at room temperature (Fig. 3B) and
match the unit cell measurements (a = 1.55 + 0.10 nm, b = 1.45 +
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Fig. 1. Room temperature HREEL spectra for OEP and Pt-OEP molecules on both the
Cu(100) and Ag(111) surfaces. Note that the out-of-plane deformation (def.) modes
below 1000 cm ™! for OEP/Cu are more similar to either Pt-OEP spectrum than to OEP/
Ag indicating that OEP likely undergoes self-metallation at room temperature on
Cu(100) to Cu-OEP, but not on Ag(111). Peak assignments are presented in Table 1 and
discussed in the text.
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Table 1
Comparison of HREELS features of various OEP molecules and previous solution and thin film OEP studies.
H,-OEP (Cu-OEP) H,-OEP Pt-OEP Pt-OEP Solution IR Solution IR Solution IR RAIRS
Cu(100) Ag(111) Cu(100) Ag(111) Cu-OEP [65] Ni-OEP [65] H,-OEP [65] Ni-OEP [67]
(em™) (em™) (em™) (em™) (cm™") (em™") (cm™") (em™")
Out-of-plane porphyrin ring 347 311 297 348 336 355 328
deformation 435 457 447 487 443 475 475
632 713 649 670 717 713 720
779 825 (788) 831 750 754 745 710
Ethyl rocking (955) (975) 954 954 950 753
(1028) (1014) (1029) 1018 1018 1014 954
In-plane porphyrin ring (1096) 1058 1054 1057 1019
(1120) (1124) (1147) (1147) 1148 1147 1147
1271 1272 1277
Ethyl C—C stretching 1307 1307 1324 1330 1370 1372 1370
1365 1374 1379 1375 1381 1385 1397 1367
1432 1447 1452 1455 1452 1453 1450
Ethyl C—H 2846 2833 2820 2827 2875 2872 2875 2868
2935 2935 2938 2928
2912 2930 2930 2929 2965 2965 2970 2962
Porphyrin ring C—H (3103) (3076) (3119) (3112) 3123 3185

0.10 nm) reported in a previous STM study [69]. A lack of ordering of
OEP on Cu(111) was previously attributed to N-Cu interaction [70],
which effectively pins the molecules to the surface and limits their
diffusivity.

Comparing HREELS features for OEP and Pt-OEP on two different
surfaces (Fig. 1 and Table 1) reveals a few notable differences. All of
the ring deformation modes on Cu(100) are at lower energies than on
Ag(111), possibly due to stronger molecule-surface interactions taking
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Fig. 2. (A) HREEL spectra of OEP (metallated to Cu-OEP) on Cu(100) after annealing
incrementally up to 710 K for 15 min at each temperature. Each spectrum was recorded
after cooling the sample to room temperature. Major spectroscopic changes after
annealing to 500 K include an increase to C—H bending (735 cm™'), decrease to the
ethyl rocking and stretching modes (close-up in B, 5x scaling relative to A), and a
significant decrease in the C—H region.

place with the Cu(100) surface that soften intramolecular bonding.
The intensities of the C—H stretch modes are similar for the four
spectra in Fig. 1, consistent with our estimation of similar surface
coverage in each experiment. The ring deformation mode at 831 cm ™!
for Pt-OEP/Ag(111) is much more intense than for the other systems
studied. There is significant variation in the intensities of out-of-plane
porphyrin ring modes, likely due to differences in local adsorption site,
i.e., local electron distribution on the surfaces which differ in structure
and packing symmetry [71-75].

Some of this difference may also be due to metallation (note that
OEP and Pt-OEP are quite similar on Cu). It has been demonstrated
that protoporphyrin undergoes spontaneous metal coordination
(metallation) at room temperature on Cu(100) and Cu(110) surfaces
[76] and that tetraphenyl porphyrin (TPP) does the same on a
Cu(100) surface between 285 and 450 K [77]. Metallation is also indicat-
ed in our experiments by the position and intensity of the out-of-plane
mode which is below 670 cm ™! for each of the metallated species. For
example, this peak is observed at 632 cm™! for Cu-OEP/Cu(100),
while it appears at 713 cm™ ! with much higher intensity for the non-

Cu(100)

Before Anneal

Fig. 3. STM images of OEP (A, C) on Cu(100) and (B, D) on Ag(111) (A, B) before and
(C, D) after annealing above 600 K. (A, B) Before dehydrocyclization, OEP appears in
STM as a single-lobed feature. (C, D) After annealing above the dehydrocyclization
temperature, the OEP has converted to TBP and appears as a four-fold symmetric
structure. Scale bar in the lower right applies to all four images. Images were recorded
at room temperature (A, B) without annealing or after annealing to (C) 610 K or
(D) 710 K. STM bias 1.0-1.2 V, setpoint current 0.2-0.4 nA.
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metallated OEP/Ag(111) (Fig. 1 and Table 1). Self-metallation of OEP at
room temperature on Cu(100) [76], but not on Ag(111) [78], is consis-
tent with prior studies. OEP on Ag(111) does not show indications of
metallation until temperatures well above dehydrocyclization tempera-
ture, approximately 700 K, as evidenced by XPS (Fig. S8). We also
observed a new HREELS feature at 113 cm™"' (Fig. S9), which was
assigned to metal-N bond formation resulting from self-metallation. Be-
cause of its proximity to the large elastic scattering feature, that feature
is somewhat difficult to distinguish on Ag(111) and could not be conclu-
sively resolved for experiments on Cu(100).

3.2. Dehydrocyclization of OEP on Cu(100) and on Ag(111)

After heating OEP on Cu(100) to 500 K, significant spectral changes
are observed (see Fig. 2 and Table 2). New ring deformation modes
emerge around 1300 cm™ ' and a significant new feature is observed
at 735 cm™ !, which is assigned as the out-of-plane C—H bending
mode on an aromatic system [79]. Ethyl C—C stretches (1350 cm™ ')
and ethyl C—H rocking and stretching modes that were present before
annealing are no longer observed after annealing. The spectrum
matches very well with a previously reported HREELS study of Cu-
phthalocyanine (Cu-Pc) and other Pc molecules [79-82]; note that
phthalocyanine is nearly identical to TBP other than the methine C in
TBP (green in Scheme 1) being replaced by N in phthalocyanine.
These changes, taken together, indicate a chemical transformation of
the peripheral ethyl groups to aromatic benzo groups, ie., a
dehydrocyclization (Scheme 1). The temperature of 500 K is consistent
with other studies of dehydrogenation of ethyl groups and C—H bond
scission on Cu and other surfaces [59,83]. The dehydrocyclization of
OEP on Cu(100) at 500 K (15 minute anneal) (Fig. 2) is higher in tem-
perature than a previous report for the dehydrocyclization of Fe-OEP
on Cu(111) at 430 K (60 minute anneal) [59].

Most of the intensity of the C—H stretching feature is lost upon
dehydrocyclization. The small remnant of this peak is likely due to hy-
drogen on the benzo groups (red carbons after dehydrocyclization reac-
tion in Scheme 1) and the four porphyrin methine C—H bonds (green
carbon in Scheme 1); these may all be weak HREELS signals because
of their orientation parallel to the surface. The C—H position after
dehydrocyclization is above 3000 cm™!, ie., the remaining C—H
bonds on the porphyrin core are stronger than the ethyl C—H before
dehydrocyclization, as expected [65].

Dehydrocyclization of OEP takes place 100 K higher on the Ag(111)
surface (600 K) than on the Cu(100) surface (500 K) (compare Figs. 2
and 4). It has been demonstrated that porphyrins will self-metallate
on the Cu(100) surface at room temperature [76], so we investigated
whether the reaction temperature differences were due to metallation
of the porphyrin rather than inherent differences in surface reactivity.
We found that the dehydrocyclization of Pt-OEP occurs at the same
temperature as OEP on Cu(100) (Figs. 2 and 4C) and on Ag(111)
(Fig. 4A and B).

Table 2
HREELS vibrational data for the analysis of the dehydrocyclized OEP molecules.

A OEP on Ag(111)
m
E 640 K
g 610 K
:“-l 580 K
B M e
S
£

'\’\/\‘\—-&w“\_ﬂ
300K

500 1000 1500 2000 2500 3000 3500
Energy Loss (cm™)

B Pt-OEP on Ag(111)

Intensity (arb. units)
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Energy Loss (cm™)

C A PLOEP on Cu(100)

710K
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Fig. 4. Annealing of Cu(100) and Ag(111) surfaces with 0.75 ML OEP and Pt-OEP adlayers.
Data for OEP on Cu(100) can be found in Fig. 2. Dehydrocyclization observed at (A) 640 K
for OEP/Ag(111), (B) 610 K for Pt-OEP/Ag(111), (C) 500 K for Pt-OEP/Cu(100),and (Fig.2)
500 K for OEP/Cu(100).

Surface formed  Surface formed Surface formed Surface formed TBP TBP 708 K annealed 708 K annealed HREELS
H,-TBP (Cu-TBP) H,-TBP Ag(111) Pt-TBP Cu(100) Pt-TBPAg(111) Cu(100) Ag(111) TBPCu(100)  TBPAg(111)  Cu-Pc[79]
Cu(100) (cm~1) (cm™1) (em™1) (em™1) (em™!) (em™ 1) (cm™Y) (em™1) (em™1)
297 295 296 308 282 304 282
Out-of-plane deformation 398 414 404 413 436 425 421 421 443
640 626 634 655 641 (678) 641 (678)
Out-of-plane bending C—H 735 751 756 743 759 741 751 751 726
766
941
In-plane stretching C—C, C—N 1073 1074 1107 1102 1043 1065 1100
In-plane double bond stretching 1271 1324 1350 1322 1373 1359 1315 1322 1340
1424 1477 1459 1476 1425 1432 1432 1513 1460
C—H stretching 2921 2900
3022 3062 3009 3031 3046 3046 3080
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Scheme 2. Proposed mechanism for the dehydrocyclization of ethyl groups on OEP.

The temperature of dehydrocyclization on Ag(111) at 600 K is
higher than measurements on the (111) surfaces of metals in the
same group; dehydrocyclization has been reported for Fe-OEP on
Cu(111) at 430 K [59] and for H,-OEP on Au(111) at 530 K [58].
Dehydrocyclization on each of those surfaces occurs at significantly
higher temperatures than on Pt(111) (300 K) [31] or on CusPt(111)
(393 K) [26,29,30].

The possibility of porphyrin decomposition was excluded because
the annealing temperatures employed here (500-710 K) are compara-
ble to other studies of intact porphyrins on similar surfaces [83] and
are too low to expect a full decomposition of the molecule to a graphitic
layer (>1100 K) [84]. The HREEL spectra measured after annealing
above 500 K do not resemble HREEL spectra of graphene as our spectra
lacked the very broad peak features at the specular angle characteristic
to graphene surface plasmons [85,86]. While there is the possibility that
the molecule is decomposing to smaller molecules other than graphene,
the peaks located within the 900-1500 cm™! region are similar to the
peaks within HREELS of phthalocyanine and cobalt protoporphyrin IX
(Co-PP) [66,79]. The HREELS spectra share the same 1080, 1244,
1429 cm™ ! peak structure (see Fig. 2B) of the Co-PP which are from por-
phyrin ring bending, breathing, and C—H wagging. AES C, XPS C 1s, and
XPS N 1s analysis before and after annealing show less than 5% loss of
signal, so no significant desorption occurred at 500 K.

STM imaging before (Fig. 3A and B) and after (Fig. 3C and D) anneal-
ing above 600 K shows a significant structural change that also indicates
dehydrocyclization. Before annealing, OEP molecules are imaged as
single lobes on each surface. After annealing above 600 K, each OEP
molecule is imaged in STM as a four-lobe structure on either surface.

The distance between diagonal lobes is 1.1 nm (Fig. S11), consistent
with the positions of opposite benzo groups in TBP.

It is likely that the dehydrocyclization mechanism here is similar to
that derived for hexenes on a CusPt surface [25,30]. The first dehydroge-
nation on the ethyl group is likely at the more acidic allylic o carbon
hydrogen. The subsequent dehydrogenation of the (3 carbon forms the
vinyl species, which then undergoes a 6m pericyclic rearrangement,
followed by further dehydrogenation to form the benzo group
(Scheme 2). Normally, alkane/alkene C—C bond formation is signifi-
cantly slower than further dehydrogenation [37], but the positioning
of the two ethyl groups in neighboring positions on the porphyrin ring
may favor cyclization over further dehydrogenation.

3.3. Comparison to tetrabenzoporphyrin (TBP)

To further confirm the dehydrocyclization reaction, TBP was depos-
ited directly onto each surface and studied at room temperature and
after incremental annealing steps to 710 K (Fig. 5). HREELS spectra of
the TBP on Cu(100) and Ag(111) are shown in Table 2 for comparison
with OEP. TBP had the same primary C—H bending feature at
735 cm™ ! as well as similar out-of-plane porphyrin features at 425
and 625 cm™ !, but was different from the annealed OEP in the 800-
2000 cm™ ! region. In particular, the feature at 941 cm™ ' is absent in
the surface-formed TBP (OEP annealed to 710 K). This vibrational
mode can be correlated to a two-up-two-down C—H bending mode
that exists when all four hydrogen are present [66]. Thus, this mode is
not present after molecular symmetry is changed through further hy-
drogen loss. Instead, other C—H bending modes are observed between
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Fig. 5. (A, B) Spectra of TBP and OEP before and after an annealing cycle on the Cu(100) surface. (C, D) Spectra of TBP and OEP before and after an annealing cycle on the Ag(111) surface. (B,
D) Close-up spectra showing the in-plane stretch region. (B) is a 3.8 x magnification of (A) and (D) is an 11.75x magnification of (C). Selected annealing temperatures are shown here; the
spectra for incremental annealing steps of TBP on Cu(100) and Ag(111) can be found in Figs. S6 and S7, respectively.
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Fig. 6. HREEL spectra of the C—H stretching region for TBP on Cu(100) before (red) and
after annealing to 710 K (blue). The peak area after annealing decreased by 25%
indicating four hydrogen loss per molecule. The loss of peak area to the lower energy
end of the peak indicates that the more weakly bound aryl hydrogen was likely the ones
lost.

735 cm™ ! and 1000 cm ™. Evidence for the dehydrogenation of TBP is
that the C—H peak at 3000 cm ™' decreases, the feature at 941 cm ™!
decreases, and there are changes to the 800-2000 cm ™! region to
match the annealed OEP peaks. The hydrogens that are lost are likely
aryl hydrogens (red carbons in Scheme 1) as the 3000 cm~' peak
loses intensity on the low energy side (Fig. S6C), consistent with prior
studies of phthalocyanines [83,87-90]. The stronger porphyrin methine
C—H bonds (green carbons in Scheme 1) are expected to remain intact.
The peaks at 1080 and 1430 cm ™ ! remain unchanged with annealing as
these are in-plane porphyrin C—C stretches that do not involve carbons
in the benzo groups.

Interestingly, the aryl dehydrogenation of TBP occurs at a lower tem-
perature than the dehydrocyclization on either surface. Aryl dehydroge-
nation of TBP occurred on Cu(100) at 480 K (Fig. S6) and at 500 K on
Ag(111) (Fig. S7), compared to dehydrocyclization of OEP at 500 K on
Cu(100) and at 600 K on Ag(111). The TBP C—H stretching peak area
decreases by 25% (Fig. 6) after annealing at 710 K, indicating loss of
four aryl hydrogens per molecule. The C—H bond cleavage could
result in several possible chemical configurations of the porphyrin: the
TBP carbon could form a bond to the underlying surface, a covalent
TBP-TBP linkage could form between neighboring molecules [90], or a
TBP-Cu-TPB linkage could form via a Cu adatom [87]. STM imaging
after annealing of the TBP (Fig. 3C and D) shows some TBP molecules
close to each other, but does not provide evidence for extensive TBP
linking as was observed through coupling reactions of structurally sim-
ilar phthalocyanine [90]. Thus, dehydrogenation leading to C-surface
bonding may be the most likely model. The dehydrocyclization on
Ag(111) yielded similar STM results where molecules are neighboring
each other, but again no clear evidence for intermolecular linkage has
been detected (Fig. 3C and D).

4. Conclusion

HREEL spectroscopy and STM provide evidence for the dehydro-
cyclization of the peripheral ethyl units of OEP on Cu(100) and
Ag(111) surfaces. While smaller alkane functionalized species would
desorb before this reaction takes place, OEP has sufficient stability
against thermal desorption for the reaction at 500 and 610 K on
Cu(100) and Ag(111), respectively. The dehydrocyclized product then
undergoes an additional dehydrogenation step of its benzo aryl hydro-
gens. This aryl dehydrogenation was also found to occur when TBP is
deposited and annealed to 480 K or 500 K on Cu(100) or Ag(111), re-
spectively. The dehydrocyclized OEP and aryl dehydrogenated TBP
have very similar spectral features and both are likely forming surface
bonds. Metallation of the porphyrin ring, tested by deposition of Pt-
OEP or self-metallation on the Cu surface, did not have any effect on

the dehydrocyclization temperature. Reaction steps such as these are
important considerations in the ongoing development of more sophisti-
cated functional organic architectures at surfaces and in advancing our
understanding of surface catalysis.
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