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he investigation of the self-assembly

of large organic molecules has be-

come a vividly explored, interdisci-
plinary field in science. One important goal
is the tailored fabrication of highly ordered,
molecular structures or networks, which are
stabilized on a substrate, mostly a metal
surface.! 3 In this context, metalloporphy-
rins received particular attention?”'” be-
cause they tend to form regular structures
and their distinct intrinsic functionalities
make them promising candidates for appli-
cations in chemical sensors,'® solar
cells,?*~22 and tailored catalytic processes.?®
The major tool for studying the molecular
arrangement of such systems in the mono-
layer regime is scanning tunneling micros-
copy (STM).* Different factors were identi-
fied to determine the long-range order and
the functional properties of molecular struc-
tures, in particular, the delicate balance be-
tween intermolecular and molecule—
substrate interactions. Accordingly, specific
molecular arrangements can be achieved
by an appropriate choice of the correspond-
ing ligands,”~? the substrate,'® sample
preparation,2?* and the usage of modified
multicore porphyrin derivatives.?®

One additional way to modify the prop-

erties of adsorbed layers of large organic
molecules is the coadsorption of other or-
ganic molecules, which often leads to the
formation of well-ordered mixed
layers.'#1525-28 |nterestingly, the influence
of small coadsorbed molecules, such as CO
or NO, on the arrangement of large organic
molecules has not been addressed up to
now, despite the fact that their intended or
unintended (e.g., in an ambient environ-
ment) coadsorption might lead to new or-
dered surface phases. Such effects are well-
known for the small organic adsorbate
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ABSTRACT We studied the interaction of a highly ordered array of Co-tetraphenylporphyrin (CoTPP) with NO
on Ag(111) by in situ scanning tunneling microscopy and X-ray photoelectron spectroscopy. Upon NO exposure, the

initially quadratically ordered CoTPP layer reorganizes, showing a wealth of highly ordered NO+CoTPP

coadsorbate phases with increasing size of the unit cell, interpreted as due to attractive lateral dipole —dipole

interactions between the two species. The findings not only suggest a novel approach to control the arrangement

of adsorbed porphyrins in particular but also should generally be considered in the production of functional

layers from large organic molecules under ambient conditions or after exposure to small electronegative

molecules.
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benzene on transition metal surfaces, such
as Rh(111),2 Ni(111),3° or Ru(001).3' The mu-
tual stabilization of benzene and CO was
employed in 1988 for imaging individual
adsorbed benzene molecules for the first
time in real space by STM.3?

The interaction of small molecules such
as NO, O,, or CO with metalloporphyrin
monolayers has been studied only under a
quite different aspect, namely, their coordi-
nation to the central metal ion, a process
that is of great interest due to the corre-
sponding functionalities in biological sys-
tems. Recently, Flechtner et al. demon-
strated in an XPS/UPS study that NO can
be reversibly attached to Co-
tetraphenylporphyrin (CoTPP) adsorbed on
Ag(111) under ultrahigh vacuum (UHV) con-
ditions.>

RESULTS AND DISCUSSION

In this work, we focus on a novel aspect
of the interaction of NO with adsorbed
CoTPP, namely, the lateral rearrangement
of an initially quadratically ordered CoTPP
layer upon exposure to NO. The rearrange-
ment was monitored continuously in situ at
room temperature (RT) and after individual
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Ag(111) during exposure to NO at RT. The corresponding NO dosages
are(a)576L,(b)606L,(c)640L,(d)677L,(e)755L, and (f) 949 L. The re-
arrangement with increasing NO dose starting from the undisturbed
square order in (a) to a hexagonal arrangement in (e) to an oblique
structure in (f) is obvious and clearly develops toward larger unit cells.
The unit cell areas as extracted from the experimental data are (a)
1.91 nm? and (f) 2.74 nm? All images have a size of 47 X 47 nm and
were acquired at Ugias = —0.23 V and Isgr = 300 pA.

dosing steps also at low temperature (LT) by STM un-
der UHV conditions, yielding an unprecedented num-
ber of different coadsorption phases. We present con-
vincing evidence that this rearrangement process is
induced by the coadsorption of NO and its incorpora-
tion in the porphyrin arrays.

Figure 1 shows a selection of STM images acquired
at RT during exposure of an ordered CoTPP array (total
coverage ~30% of monolayer saturation) on Ag(111) to
NO gas (see Supporting Information for a movie file). In-
dividual CoTPP molecules appear as protrusions.> Fig-
ure 1a was acquired at an NO dosage of 576 L (~2 h at
1 X 1077 mbar). Up to this exposure, no significant
changes in the CoTPP organization were observed. The
square unit cell of CoTPP on Ag(111) with a lattice con-
stant of ~1.4 nm is in agreement with previous stud-
ies of tetraphenylporphyrins on various substrates (see
ref 4 and references therein).
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In Figure 1b, which was acquired at 606 L (i.e., 30 L
after Figure 1a), the molecular order changed in the vi-
cinity of the step edge and the dark rectangular area
vanished and is now “filled” with CoTPP molecules. The
boundary of the altered lateral arrangement is marked
by the two arrows. After further exposure to NO, this
boundary propagates away from the step edge, as indi-
cated in Figure 1c,d. This proceeds until two domains
with a slightly distorted hexagonal molecular arrange-
ment are observed in Figure 1e. At even higher dosages
of NO, the hexagonal structure continues to rearrange
and finally transforms into the oblique structure with-
out domain boundaries, as shown in Figure 1f. Analysis
of the data reveals an increase of the unit cell area
with increasing NO dosage, from initially 1.91 to 2.74
nm?2,

At this point, it should be noted that the axial coor-
dination of NO to the central metal ion of CoTPP oc-
curs already at much lower NO dosages.*® This can in-
deed also be observed in our STM study (not shown
here), but the molecules are easily removed upon scan-
ning the sample at the tunneling conditions applied in
the present work, leaving the molecular arrangement
unchanged. We therefore conclude that NO coordi-
nated to Co does not account for the observed rear-
rangement effects. This conclusion is also supported
by the fact that a rearrangement upon NO exposure is
also observed for the corresponding free base porphy-
rin layers (data not shown).

The most plausible explanation for the structural
changes and the increasing size of the unit cell is the
coadsorption of NO directly on the Ag(111) substrate.
In this picture, the unit cell area increases as a result of
the accumulation of NO coadsorbed between the
CoTPP, that is, due to steric reasons. Note that there is
a pronounced induction period corresponding to more
than 500 L without changes in the initial square order,
followed by continuous rearrangements (Figure 1b—f).
This nonlinear process is interpreted as a delayed for-
mation of a nucleus for the hexagonal phase as dis-
cussed in more detail below.

To obtain information on the azimuthal orientation
and the intramolecular conformation within the
CoTPP+NO layers, additional experiments with submo-
lecular resolution were performed. A selection of im-
ages is shown in Figure 2 (all images = 6.95 nm X 5.35
nm), including scaled CoTPP models. The experiments
were performed in two different experimental setups
(LT-STM, RT-STM); they were measured after the de-
noted NO exposure in UHV either at 7 K (b—d) or 300
K (e,f). In Figure 2, the size of the unit cell of the
CoTPP+NO structures increases continuously from
1.91 nm? (b) to 2.00 (c), 2.16 (d), 2.39 (e), and 3.16 nm?
(f). Even though the shown superstructures have been
obtained using different surface temperatures while
dosing NO (c,d: 200 K; e,f: 300 K), overall CoTPP precov-
erages (c,d: ~30% of monolayer CoTPP; e,f: ~60%),
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Figure 2. (a) Top and side view on space-filled models of
CoTPP. The shown intramolecular conformation leads to a
saddle shape appearance in STM due to the two pyrrole
rings bent away from the surface (highlighted yellow). (b—f)
STM images of ordered phases of CoTPP on Ag(111) before
(b) and after (c—f) NO exposure at different temperatures
(c,d: 200 K; e,f: RT). The corresponding values for NO expo-
sure/temperature of measurement/tunneling parameters/
unit cell area are as follows: (b) 0 L/7 K/Ugjas = —0.68 V, Isgr
= 0.38 nA/1.91 nm?; (c) 1000 L/7 K/Ugjas = —0.77 V, Isgr =
0.12 nA/2.00 nmz; (d) 1000 L/7 K/UB|A5 =-0.77V, ISET =0.12
nA/2.16 nm?; (e) 2368 L/RT/Ugjas = —1.90 V, Isgr = 45 pA/
2.39 nmz; (f) 8399 L/RT/UB|A5 =-1.19V, ISET =45 pA/3.16
nm?,

and considering the discussed nonlinearity, it is clear
that there is no simple relation between the size of the
unit cell and a specific experimental parameter (e.g., the
expansion of the unit cell against NO dose differs from
the data shown in Figure 1 compared to Figure 2); nev-
ertheless, the size of the unit cell again generally ex-
pands with increasing NO dosage.

Figure 2b shows the STM image of the undisturbed
CoTPP square arrangement, prior to NO exposure. A
lengthy feature, denoted as main axis, dominates the
appearance of an individual molecule and reflects the
“saddle-shape” deformation of the adsorbed porphyrin
macrocycle,*® as shown in Figure 2a. In Figure 2¢,d, two
coexisting molecular arrangements imaged at 7 K after
the exposure to 1000 L NO at 200 K are displayed. Even
though the actually shown superstructures are coexist-
ing in this experiment, it should be pointed out that the
arrangement shown in Figure 2d was found to suc-
ceed the phase depicted in Figure 2¢; that is, the latter
was already observed after NO doses of 100 L. The
analysis shows that not only the long-range order
changes upon NO dosage but also the azimuthal orien-
tation of the individual molecules. In Figure 2c, two
out of four next neighbor CoTPP molecules have differ-
ent orientation, whereas in Figure 2d, all four next
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neighbors are rotated by 90°. Thus, the reorganization
implies rotary motions and/or a change of the intramo-
lecular conformation of CoTPP such that the main axis
is rotated by 90°. This NO-induced rearrangement oc-
curs already at 200 K; however, in a similar experiment
at 160 K, no rearrangement was observed. In Figure 2e,
an STM image acquired at RT after an exposure of 2368
L NO at RT is depicted. Now all molecules are arranged
in a rectangular lattice with the main axes aligned along
one of the unit cell vectors. Figure 2f shows the struc-
ture obtained for an NO dose of 8399 L at 300 K, with
again a modified and expanded unit cell.

Inspection of the different images reveals that, de-
spite the change in the lateral arrangement, the appear-
ance and, thus, the intramolecular conformation of in-
dividual molecules in the different superstructures
basically remain the same; this is immediately evident
for Figure 2b—d at 7 K but also for Figure 2e,f at RT. It
might be speculated that the minor deviations from the
saddle-shape of individual CoTPP molecules in Figure
2f derive from accumulated coadsorbed NO or from a
slight additional intramolecular deformation. In addi-
tion to the four ordered arrangements shown in Figure
2c—f, we found at least four other clearly distinguish-
able and partially coexisting CoTPP+NO phases (not
shown here). In some cases, the rearrangement was
completely reversible upon heating to ~500 K. Even
though the experimental conditions (sample tempera-
ture during dosing, CoTPP precoverage) were not di-
rectly comparable, within one experimental run, always
an expansion of the unit cell with increasing NO dos-
age was observed.

It should be noted that the basic findings presented
so far were reproduced repeatedly in two different STM
systems; however, some aspects such as the reversibil-
ity or the CoTPP coverage dependence will be further
investigated.

Evidence for the coadsorption of NO is obtained
from the data in Figure 3a, which shows a LT-STM im-
age of CoTPP after exposure to 5000 L NO at RT. Upon
close inspection of the micrograph, protrusions be-
tween the CoTPP molecules are discerned. These pro-
trusions are associated with coadsorbed NO. Comple-
mentary spectroscopic information was acquired to
verify this conclusion. Figure 3b shows an N 1s XP spec-
trum of a CoTPP monolayer after exposure to 6500 L
NO at RT. Four components are identified, which are as-
signed to nitrogen atoms in the porphyrin macrocycle
(purple), the NO molecule coordinated to Co in CoTPP
(blue), the NO molecularly adsorbed on Ag(111) (red),
and an unidentified species (green), in agreement with
previous XPS studies of adsorbed NO/CoTPP com-
plexes®? and literature N 1s binding energies for NO on
metal surfaces.>® From the fact that the areas under the
red (NO on Ag) and the purple (N in porphyrin) peak
are very similar, one can conclude that roughly four NO
molecules are coadsorbed per porphyrin. When the
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Figure 3. (a) STM image of CoTPP on Ag(111) acquired after 5000
L NO exposure at RT with Ugas = —15 mV, Iser = 50 pA at 7 K,
unit cell area = 2.79 nm2 Between the porphyrins and on the
presumably free Ag surface, small protrusions are visible, which
are assigned to individual coadsorbed NO molecules (marked
with white circles within the green unit cell). (b) N 1s region of
the XP spectrum of a CoTPP layer on Ag(111) after exposure to
6500 L NO. The components of the N 1s signal are assigned to dif-
ferent nitrogen species as indicated.333¢

green peak was assigned to coadsorbed NO in a differ-
ent local environment, this number would increase to
approximately five NO molecules per CoTPP. Counting
the protrusions in the STM image in Figure 3a within the
unit cell yields a value of five protrusions per porphy-
rin, in good agreement with our interpretation. We
therefore conclude that these protrusions are indeed
due to individual NO molecules, evidencing the coad-
sorption of NO as the driving force for the observed re-
arrangement processes.

SUMMARY AND CONCLUSIONS

Considering the experimental evidence discussed
above, we come to the following interpretation: The for-
mation of well-ordered CoTPP+NO layers indicates
that these coadsorbed structures are energetically fa-
vorable under the given experimental conditions. Ini-
tially, the undistorted CoTPP square arrangement does
not provide adsorption sites for NO. Eventually, at a cer-
tain position, an adsorption site might emerge, for ex-
ample, due to thermal movements of one or more por-
phyrin molecules, and an NO might adsorb at the
corresponding site (note that the rearrangement was
exclusively observed for NO dosage at sample temper-
atures above 160 K). This coadsorption then alters the
positions of neighboring CoTPP molecules such that ad-
ditional adsorption sites for NO emerge. Within this in-
terpretation, a single coadsorption event (nucleus)

METHODS

The experiments were performed in three separate (XPS, RT-
STM, LT-STM) ultrahigh vacuum (UHV) systems with base pres-
sures below 2 X 107" mbar. For the XPS measurements, a Sci-
enta ESCA-200 spectrometer equipped with an Al Ka X-ray
source (1486.6 eV), an X-ray monochromator, and a hemispheri-
cal energy analyzer (SES-200) was employed (for details, see refs
33 and 39). The RT-STM experiments were carried out using an
RHK UHV VT STM 300 with RHK SPM 100 electronics (for details,
see ref 34). The LT-STM data were recorded by a custom-
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could trigger a chain of coadsorption processes, which
can be observed in STM as a propagating reordering
and results in the discussed nonlinearity of the rear-
rangement process.

Thus, upon NO coadsorption, the unit cell of the
CoTPP arrays increases, indicating an increasing num-
ber of NO molecules per unit cell (note the filling of the
hole in Figure 1a and the increasing appearance of mol-
ecules on the terrace in the lower right corner in Fig-
ures Ta—f). On the other hand, the interaction of NO
with the bare Ag(111) surface is reported to be very
weak, and no NO adsorption occurs on Ag(111) at RT
for comparable or higher NO doses.>”*® Nevertheless,
when coadsorbed with CoTPP, NO is bound so strongly
on the surface (stable up to ~450 K) that the energy
cost of rearranging the CoTPP is overcompensated. We
interpret this effect as due to significant attractive lat-
eral dipole—dipole interactions of the electropositive
CoTPP (which lowers the work function®) and the elec-
tronegative NO (which typically increases the work
function*?). These interactions can favor and stabilize a
certain arrangement of the coadsorbates, for example,
mixtures of two porphyrinoids with different electrone-
gativity (NiTPP/F,sCoPc mixture), as demonstrated by
Hipps et al.'*'> Dipole—dipole interactions as well as
substrate-mediated interactions were also suggested
to stabilize mixed adlayers of the small hydrocarbon
benzene with CO and NO on various transition metal
surfaces, where CO and NO are strongly
chemisorbed.? 324! While we cannot rule out a contri-
bution of substrate-mediated interactions for the sys-
tem CoTPP+NO, they appear unlikely in view of the
weak interaction of NO with the bare Ag(111) surface.

Regarding the richness of the observed structures
in the presented system and the presumably general
nature of the described process, one might envision the
coadsorption of small molecules as an excellent tool to
control the ordering, the intermolecular distances, and
the molecule—substrate interactions of large functional
molecules with high accuracy. In addition, similar ef-
fects have to be expected and considered quite gener-
ally in the production of functional layers from large or-
ganic molecules under ambient conditions or after
exposure to small electronegative molecules.

designed apparatus with a CreaTec STM (for details, see refs 9,
35, and 42 and references therein). All given voltages in STM re-
fer to the sample, and the images were recorded in constant cur-
rent mode. Moderate low pass filtering was applied for noise re-
duction. The STM data were processed with the software
WSxM.#
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Supporting Information Available: STM movie file in Quick-
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