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Symmetrically substituted phthalocyanines (Pcs) with eight peripheral di-(tert-butyl)phenoxy (DTPO) groups
self-organize on Ag(111) and Au(111) substrates into various assembly structures. These different structural
phases were studied by scanning tunneling microscopy (STM). On the basis of high-resolution STM images,
molecular models are provided for each phase that account for the observed unequal surface densities. Notably,
the specificity of the studied Pc derivative featuring the peripheral phenoxy groups remarkably increases its
conformational possibilities. Particularly, the rotational degrees of freedom allow all the DTPO substituents
to be arranged above the plane of the Pc core, forming a bowl-like structure, which in turn enables the
interaction of the Pc core with the metal substrate. The proximity of the Pc core to the metal substrate together
with the steric entanglement between neighboring DTPO substituents causes significant retardation of the
thermodynamic optimization of the conformations.

Introduction the Pc core are necessary. For instance, subphthalocy&riihes
as well as naphthalocyanided® are such Pc analogues that
exhibit a different two-dimensional (2D) molecular arrangement
on substrates compared to original Pcs. Another very effective
approach to change the architectural structures of Pc layers is
o peripherally functionalize the molecules with various sub-
tituents. In particular, a large variety of chemical substituents
can be attached to the macrocyclic core. By this method,
numerous derivatives of the Pc family have been created by
S\/arying the number, type, length, and position of flexible side-
" chains, including linear or branched alkyl and alkoxy chains,
alkoxyphenoxy and alkylphenoxy substituettsr even by
annulating heterocycles to the periphery of the macrocycle.
Therefore, 2D ordered patterns of Pcs substituted with alkyl
chains?® halogen atom&!=23 and other diverse substituetfts
were analyzed. Furthermore, similar to Pcs, porphyrins have
also been used as a core entity for chemical functionalization
to gain further supramolecular building blocks28

Phthalocyanine (Pc) molecules have been extensively stud-
ied,! mainly because of their exceptional thermal and chemical
stability but also because of their unique physical properties,
namely their semiconducting behavior and tunable optical
absorption features. In its most general sense, it is the delocalize
m-electron system of the planar Pc skeleton, similar to porphy-
rins? that makes phthalocyanines useful in different areas of
materials science. Pcs have been effectively incorporated a
active components in semiconductor devices, information stor
age systems, liquid crystal color displays, &to. the context
of this report, these conjugatedelectron systems were studied
as potential building blocks for supramolecular assemblies on
different substrates. There are numerous examples of Pc-
containing self-organized layers, whereby different metal ions
are coordinated to the central Pc cavity, which have been
investigated by means of scanning tunneling microscopy (STM)
under a range of conditions. For example, FePc, CoPc, NiPc, .
and CuPc on Au(111) substrateand CuPc and SnPc on Ag- In this paper, we report on a novel and complex phase
(111) substraté€ were investigated under ultrahigh vacuum Pehavior of specific Pc derivatives adsorbed on metallic
(UHV) conditions. Other notable examples are the well-defined Substrates, and we discuss the physicochemical properties of
adlayers of CoPc, CuPc, and ZnPc that were prepared on Au-Such self-organized _molecular mor_lolayers_. Th_e actual Pc-
(111) by immersing the substrate into a benzene solution DTPOs are symmetrically octasubstituted with di-(tert-butyl)-

saturated with the molecules and then were studied by meang?henoxy (DTPO) group8° and contain either two H atoms or
of electrochemical STMo-12 a Zn atom in the central cavity (Scheme 1). The DTPO

However, to considerably affect or even control the organiza- SuPstituents are similar to di-(tert-butyl)phenyl (DTP) substit-

tion of the Pcs on a particular substrate further chemical and UeNtS With the key difference being the oxygen atom in the

structural modifications other than varying the central atom of DTPO group linking it to the Pc core. '_I'he influence of four
DTP substituents attached to a porphyrin on the self-assembly

*To whom correspondence should be addressed. (S.-X.L) E-mail: of such derivatives was extensively mvestl_g_ated by Jung?t al.
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E-mail: Meike.Stoehr@unibas.ch. Tek:41 61 267 3759. Fax:+41 61 peripheral groups to rotate allows the molecule to adopt different

267 3784. (1)) E-mal: thomasjung@psi.ch. conformations and hence to arrange itself in different ordered
E Uﬂ:&g{ilg gf Bgfr?_ ' patterns that can even coexist on a single substrate, as shown
8 Paul-Scherrer-Institute. later. More specifically, the DTPO substituents used in this study
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SCHEME 1: Schematic Molecular Structure of the
Phthalocyanine Derivative Symmetrically Octasubstituted
with Di-(tert-butyl)phenoxy (DTPO) Groups®

M= 2H*, Zn?*

2 The two central hydrogen atoms can be replaced by a metal atom
being in the oxidation state2 The DTPO substituents can rotate
around the €O as well as the ©C bonds as indicated by arrows.

exhibit rotational degrees of freedom that lead to a cone-shaped

envelope for all possible conformations of each DTPO sub-
stituent including the rotations of the phenyl rings along the
O—C bonds. Moreover, there are eight rather than four
substituents attached to the Pc cB¥aNonetheless, the DTPO
groups cannot move independently of each other, as neighborin
DTPO groups interfere sterically; therefore, the conformational
dynamics is hindered. This is characteristically different to the
above-mentioned case of the DTP substituents, because the
rotation is only hindered by interaction with the porphyrin core.
Consequently, such a flexible, yet complex system of substit-
uents allows for various stable or metastable conformations due
to the complex trajectory in conformational space that needs to
be followed to reach the most favorable energetic position.

Experimental Section

All experiments were performed in an ultrahigh vacuum
(UHV) system (pase= 2 x 107 mbar) consisting of different
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studied by STM for molecular coverages less than one mono-
layer. Figure 1 shows two overview images of thePkl
derivatives deposited on Au(111) and Ag(111), respectively.
In total, three different ordered phases were observed, and in
each image two of them are present. Figure la displays the
phases labeled Il and Ill. A well-defined phase boundary
between these two specific arrangements runs diagonally across
the picture where a single chain of molecules simultaneously
participates in each of the two phases. This is expressed by a
characteristically different mutual arrangement of the substit-
uents of the Pcs defining the boundary, whereby half of them
fit phase Il and the other half phase llI. Figure 1b displays phases
| and 1, which are separated by a 2D lattice-gas pHase.
Importantly, within the experimental accuracy the observed
phases do not exhibit any differences for both types of Pc
derivatives (ZnPc-DTPO and,Hc-DTPO) on both Ag(111) and
Au(111) substrate®. Therefore, for a more detailed description
of the arrangements we will not differentiate between ZnPc-
DTPO and HPc-DTPO, but will refer to both of them as Pc-
DTPO.

The three different phases-lll are compared in Figure 2
on the basis of STM data together with their corresponding and
most plausible molecular models. For each phase, a 2D unit
cell is outlined in red, whereas the unit cell parameters with
the resulting surface densities are given in Table 1.

Phase | (Figure 2a,d) exhibits a squarelike unit cell with a
lattice constant of (3.08: 0.15) nm, and the angle between the
two lattice vectors is measured at (203)°. Consequently, the
distance between adjacent molecules would allow some con-
formational flexibility for the eight DTPO substituents. How-
ever, due to steric hindrance between tert-butyl gr&ups
belonging to neighboring DTPO substituents, a conformation
of the DTPO groups for which the phenyl rings are totally

gcoplanar with the substrate surface cannot occur. Hence, the

DTPO groups are slightly tilted and are above the plane of the
Pc core. The bright lobes in Figure 2a correspond most likely
fo the topmost tert-butyl groups that are closest to the center of
the molecule. Phase | exhibits the lowest surface density of
molecules £0.11 molecules per n#hof all three phases, and

it is observed with the lowest probability.

In phase Il (Figure 2b,e), the Pc-DTPO molecules are
arranged in a rhombic geometry with axes of (2%.13) nm
in length and an angle of (6% 3)°. The distance between
adjacent molecules is clearly smaller than in phase I, which
can be explained by a distinct out-of plane conformation of the
DTPO groups (visible as bright lobes in Figure 2b), enabling a

chambers for sample preparation and characterization. Atomi- side-to-side packing of two DTPO groups attached to the same
cally flat Ag(111) and Au(111) samples exhibiting terraces up penzo-ring of the Pc core (Figure 2e). Overall, the Pc-DTPO
to 300 nm in width and separated by monatomic steps were molecule forms a crosslike shape, which considerably reduces

prepared by repeated cycles of sputtering with Aans and
thermal annealing. All molecules were transferred onto the metal
surfaces (kept at 298 K) by sublimation from a Knudsen-cell-
type evaporator with a deposition rate of about 0.2 ML/min.
The rate was checked with a quartz crystal microbalance. After
deposition of the molecular layer, a home-built STM operated
at room temperature was used to characterize the samples. Th
measurements were performed in constant-current mode usin
chemically etched tungsten tips. Typical scan rates were in the
range of 2-4 Hz per scan line. The bias voltage was applied to
the sample while the tip was grounded.

Results and Discussion

The self-assembly behavior of ZnPc angPld octasubstituted
with DTPO groups on Ag(111) and Au(111), respectively, was

the space required for all the DTPO groups. Consequently, the
surface density of the molecules increases t®c& molecules

per nnt. Phase Il is observed with a considerably higher
probability than phase |I.

In phase Il (Figure 2c), the Pc-DTPO molecules are arranged
in an oblique symmetry described by a rhomboid with axes of
?Z.Si 0.13) and (2t 0.1) nm in length and an angle of (&3

)°. This arrangement can be conceived as if the entire rows of
Pc-DTPOs in phase Il along the unit cell axaswould be
squeezed together approximately in the direction of the laxis
(Figure 2e). Such a compression results into a shortening of
the unit cell axisb (see model in Figure 2f, Table 1) and
additionally into the highest observed surface density of all three
ordered phases0.21 molecules per nfh On the whole, a
more complex conformation of the DTPO substituents is
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Figure 1. The two large scale STM images show the three ordered phases labelBdahd a coexisting gas-phase found for thePd-DTPO
molecules on both Ag(111) and Au(111), respectively. Image in panel & @@nn?, 7 pA, 2.5 V) shows the phases labeled Il and 11l on Au(111).
Merging of the two phases is clearly visible, and the single chain of molecules defining the phase boundary and participating simultaneously in both
phases is marked by an arrow. Image in panel bX680 nn¥, 10 pA, —2.1 V) displays phases | and Ill separated by a gas phase on Ag(111). In
both images, an individual molecule in each of the phases I, I, and Il is highlighted by a red circle.

density increase

—

Figure 2. (a—c) Each STM image (1& 10 nn¥) shows in detail one of the three different ordered phases found for the Pc-DTPOs: (a) phase |
on Au(111) (7 pA, 2.3 V); (b) phase Il on Au(111) (7 pA, 2.5 V); (c) phase Ill on Ag(111) (10-pA1 V). (d—f) Corresponding models for the

observed phases I, II, and Ill, respectively. The 2D unit cells are drawn in red (corresponding parameters are given in Table 1).

TABLE 1: Parameters of the Unit Cells Corresponding to with a characteristic dark spot in the center that we associate

Phases I, Il, and Ill and Their Surface Densities with the central metal atom in analogy to earlier studies by Hipps
phase a[nm] b[nm] @[] p[molecules/nrf] et al#9) that is surrounded by fourteen bright lobes, ten of which
I 34015 3+0.15 90+ 3 011 belong to the same Pc-DTPO molecule. From the superposition
Il 25+0.13 25+013 67+3 0.17 of the images, it can be deduced that the six lobes from Figure
m 25+013 2+£01  73+3 0.21 2c do not correspond to any of the ten lobes underneath, making

required for this arrangement, but it cannot be identified only altogether sixtieen separate lobes. In agreement with the
on the basis of Figure 2c. However, changing the scanning characteristic appearance of the tert-butyl groups of DTP
conditions allowed us to acquire an alternative view of the Pc- Substituents (discussed in references in some détéfpach

DTPO molecule® and in turn to deduce a tentative model Of the bright spots can be assigned to one of the sixteen tert-
(Figure 2f). The image in Figure 3 represents this view of phase butyl groups of our Pc derivative. Therefore, we can assume
Il superimposed by a color image of the same phase depictedthat Figure 2c shows the six topmost tert-butyl groups belonging
as in Figure 2c only with an enhanced contrast. Although in to the six DTPO substituents rotated completely out of plane,
Figure 2c six bright lobes per Pc-DTPO molecule are visible, and Figure 3 shows the Pc core and ten tert-butyl groups
Figure 3 reveals the Pc core itself (appearing as a gray crosspositioned in closer proximity to the substrate surface. Four of
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Figure 3. High-resolution STM image (1& 10 nn?, 63 pA, 0.8 V) featuring an alternative view of Pc-DTPOs on Ag(111) self-assembled in
phase 1l (in black and white). A false-color image of a typical view of phase Il (as depicted in Figure 2c) is superimposed. In addition, a tentative
model of the Pc-DTPO is drawn.

xS - YOS RN DNG: ""'.*

Figure 4. (a) STM image (50x 50 nn?, 8 pA, 2.1 V) of Pc-DTPOs on Au(111) self-assembled in phase IIl. The reconstruction of the underlying
Au(111) surface is visible in superposition to the molecular contrast. It is highlighted by two dotted lines. The unit cell vectors, linearlganagnifi

by a factor 4, are shown. Vectaris parallel to the reconstruction, whereas vedids deflected byx~12°. (b) STM image (37x 18 nn?, 7 pA,

2.1V) of phases Il and Ill on Au(111). The dotted lines above and below the phase boundary indicate the parallel orientation of the unit cell vectors
in both phases. (c) STM image (2625 nn¥, 7 pA, 2.5 V) showing different domains of phase Il on Au(111), exhibiting different orientations.

the lobes correspond to two DTPO substituents oriented almostgroups, which in turn reflects an increase in the surface density
coplanar with the Pc core, whereas the remaining six lobes of the Pc-DTPOs and in the interaction between nearest
correspond to the lower counterparts of the topmost tert-butyl neighbors, although at the same time it puts constraints on their
groups, seen in Figure 2c. Furthermore, through the rotation of conformations. The probability to observe phase Il is by far
these six DTPO substituents into an out-of-plane orientation, a the highest for all phases. It is noteworthy that it is the only
side-by-side packing of the DTPO substituents belonging to phase remaining after annealing at 18D

adjacent Pc-DTPO molecules is enabled. Because of steric The orientation of the molecular assemblies of phases Il and
constraints, this compression is only possible in one direction. Il with respect to the substrate can be derived from the STM
Thus, as can be seen in Figure 3, in one direction double rowsimages exhibiting both the known Au(111) reconstructi@md

are formed by six bright lobes between two adjacent molecules molecular resolution (Figure 4a). From Figure 4a, it can be
(three lobes per molecule), whereas in the other direction singlededuced that the unit cell vecter is parallel to the [11P
rows of four bright spots in fairly linear alignment are visible. direction. As seen in Figure 4b, vectaof phase Il is always

In a single row, two neighboring lobes belong to one and the parallel to one of the vectors of phase H &nd b are of
other two lobes to the other molecule. These four lobes equivalent length). Therefore, also one of the vectors of phase
correspond to side-by-side packed DTPO groups. This model, Il is parallel to the [11P direction. Because of the 3-fold
derived from the STM data, is consistent with the above- symmetry of both the Au(111) and the Ag(111) surface, phase
mentioned squeezing of the rows of Pc-DTPOs. Altogether, Il exhibits three possible orientations with an angle of 120
phase Il is associated with a denser packing of the DTPO (Figure 4c). On the other hand, phase Il exists in six possible
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Figure 5. Sequence of five STM images of 2010 nn?. Images 1, 3, and 5 correspond to the STM images in Figure 2and depict phases |,

II, and I, respectively. Image 2 shows a transient phase between phases | and Il on Au(111) (7.4 pA, 1.2 V). Image 4 shows a transient phase
between phases Il and Il on Ag(111) (8 pA, 3 V). Simplified models of the corresponding phases are shown in the cartoons below, together with
corresponding approximate densities in molecules p& nm

orientations with an angle of 80because its unit cell vectors the underlying Au(111) surface remains intact and that there is
are of equivalent length. No correlation of the orientation of no orientational correlation of phase | to the substrate lattice
phase | to other phases or to the substrate lattice was observedndicates that the interaction of the Pc core with the metal
Another point is that because of the steric entanglement substrate (physisorption) is minor compared to other factors.
between neighboring DTPO substituents, complex trajectories Hence, from our model we conclude that the featured multiphase
in conformational space are required to reorient the substituentsbehavior is mainly induced by (i) the manifold of conformations
into conformations characteristic for the above-described phasesof the DTPO substituents, (ii) their steric entanglement, and
This indicates significant retardation of the thermodynamic (iii) the energy gain associated with the increased surface density
optimization of the conformations. Also, the proximity of the of the Pc cores interacting with the metal substrate.
delocalizedn-system of the Pc core to the metal substrate )
enables a considerable attractive-uetal interaction (com- ~ conclusions
parable to unsubstituted phthalocyanine adsorbdtem)d Peripheral DTPO substituents of Pc-DTPO molecules influ-
consequently reduces the conformational space of the DTPOence and dictate the type of self-assembly within their molecular
substituents. To fully exploit the rotational degrees of freedom layers on Au(111) and Ag(111) substrates, respectively. Thereby,
of the phenoxy link on account of a conformational optimization, several ordered phases of different symmetries and surface
an increase of the distance between the Pc core and the metadlensities emerge. These phases coexist due to the retardation
substrate would be necessary. This, however, would requireof the conformational optimization in consequence of the steric
additional energy to overcome the attractive-tetal interac- entanglement of the substituents. In addition, the phenoxy group
tion. remarkably increases the conformational possibilities of the
Interestingly, the conformational evolution allows for sporadic substituted Pc molecules. The additional rotational degrees of
observations of transient states between the comparatively stabldreedom induced by the oxygen atom linking each DTPO
phases |, Il, and Il (Figure 5). Presumably because of the Pc  substituent to the Pc core allow all the substituents to be arranged
metal interaction, organizations with higher surface densities above the plane of the Pc core, forming a bowl-like structure,
are observed with a higher probability because they allow more which enables the interaction of the Pc core with the metal
Pc cores to interact with the substrate. Hence, stable phases casubstrate. This is in clear contrast to the conformational
be considered as local minima of the total energy of the system possibilities of porphyrins substituted with DTP groups. There,
with phase | being the highest minimum of all phases and phasethe interaction of the central part of the molecule with the
lll being the global minimum. The global minimum can be substrate is more hindered, because the DTP groups prevent
reached by providing thermal energy to the system for a the central part to be positioned in close proximity to the
sufficient amount of time. This is in agreement with the above- substraté®
mentioned observation of phase Ill as the only remaining phase There is now considerable evidence that the stability, the well-
upon annealing at 15%C. defined ordering and the bowl-like shape of the specific Pc
The orientation of the unit cell vectors of phases Il and Ill, derivatives arranged within these phases, predetermine such
which are parallel to the [1]2lirection of the substrate, might  systems as a potential host for other guest molecules to construct
signify the influence of the substrate lattice on the assembly of novel surface architectures. The hosting properties of these
the Pc-DTPOs. Nonetheless, the fact that the reconstruction ofsystems are currently under investigation.
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