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Structural Properties of Tetra-tert-butyl Zinc(II) Phthalocyanine Isomers on a Au(111)

Surface
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The self-assembly behavior of the mixture of tetra-fert-butyl zinc(Il) phthalocyanine (TB-ZnPc) isomers on
a Au(111) surface has been investigated by means of scanning tunneling microscopy (STM). Four tert-butyl
groups are added to four peripheral benzene rings of zinc(II) phthalocyanine, which gives the planar molecules
a three-dimensional structure. Two possible substituting locations for each fers-butyl group result in a mixture
of structural isomers, which are easily identified by STM. Two different structures have been distinguished
in the monolayer regime depending on the preparation procedure. One is a quasi-ordered structure whereby
the molecules are arranged in the closest-packed way, and the second is an ordered structure in which the
molecules are arranged side by side. The more ordered molecular network in the latter is considered to be a

consequence of unification of TB-ZnPc isomers.

I. Introduction

Understanding and controlling the molecular architectures in
self-assembled monolayers (SAM) is an important concern for
their applications, e.g., in molecular electronics and optoelec-
tronics devices.!? Recently, attention has been focused on
fabricating a functional molecular monolayer by the intermo-
lecular noncovalent interaction on different single-crystalline
metal substrates.>~” The self-assembly of a multiple-component
mixture of molecules on substrate has been investigated to obtain
various functional, interfacial structures.®® Therein, functional
molecules with structural isomers, coexisting with each other,
are particularly important and interesting due to the effect of
their different structures and configurations on the self-assembly
regime.

The molecular configurations of different isomers on the
surface can be identified by scanning tunneling microscopy
techniques (STM), which has the capability of accessing signals
of a single molecule at a subnanometer scale. For example, STM
has determined the conformational changes of the substituent
angle of a single porphyrin derivative molecule. Moreover, the
conformation can be modified by further applying additional
force with the STM tip.'° Different molecular isomers have been
distinguished in their self-assembling structures on metal
surfaces by STM imaging.'"!> However, the aggregation and
structural evolution of functional molecules with structural
isomers during their self-assembling process on substrate has
rarely been investigated. The mechanism of self-assembly and
structural evolution of isomers is still not well understood.

Phthalocyanines (Pcs) and their derivatives have attracted
special interest because of many applications in the areas of
gas-sensing devices, photovoltaic applications, light-emitting
diodes, organic field effect transistors, pigments and dyes, etc.
The tetra-fert-butyl zinc(Il) phthalocyanine (TB-ZnPc) is an
ideal candidate molecule to investigate the noncovalent interac-
tions controlled configuration transformation in self-assembly
monolayer. Four tert-butyl (fBu) groups are added to four
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periphery benzene rings of zinc(Il) phthalocyanine, which gives
the planar molecules a three-dimensional structure. fert-Butyl
groups, widely used as a substituent to design functional
molecules, can enhance the solubility, chemical stability, and
light fastness of organic molecules.!® In our recent work, we
showed single (Bu),-ZnPc molecules can thermally rotate
around the nitrogen—gold adatom bond, which is the fix point
on the surface since the lateral motion of the molecule is blocked
by the gold adatom, and then regular arrays of anchored
molecular rotors were successfully constructed on a Au(111)
surface.'

In this paper, we report the scanning tunneling microscopy
(STM) investigation on the initial adsorption configuration and
self-assembled monolayer of TB-ZnPc isomers on Au(111). The
four isomers of TB-ZnPc molecules, which come from two
possible substituting locations of each fBu group, are easily
identified by STM observation. Furthermore, two different
monolayer structures can be obtained depending on the substrate
temperature. With increasing substrate temperature, the ordering
and packing density of the TB-ZnPc monolayer increases. An
ordered structure is formed while the molecule—substrate
interaction remains fairly constant. This behavior is attributed
to the deformation of phthalocyanine skeletons and the twisting
of the rBu groups. The new molecular self-assembly process
provides a new train of thought in fabricating molecular
electronics and optoelectronic devices with structural isomers.

I1. Experimental Details

Sample preparation and investigation were carried out in a
combined ultra-high-vacuum (UHV) molecular beam epitaxy
(MBE) and low-temperature scanning tunneling microscopy
(LT-STM) system. The background pressure is in the range of
10~'° mbar. Prior to the adsorption experiment, the gold single
crystal is cleaned by repeated cycles of Ar' sputtering (1 keV,
30 min) and subsequent annealing at 800 K (20 min). The bare
gold surface is imaged before dosing to confirm its cleanliness.
The TB-ZnPc molecules (synthesized by Liu et al., [OC, CAS)
are evaporated from a crucible heated to 530 K. This results in
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Figure 1. (a—d) Chemical structure formulas of four isomers of TB-
ZnPc molecules. M; and M, are the symmetry mirrors of the
phthalocyanine skeleton of the molecule.

/

~

Figure 2. (a) STM image of the initial growth stage of TB-ZnPc on
Au(111). Every molecule is adsorbed at the step edge. Upips = —1.3 V,
I, =50 pA, 25 nm x 25 nm. (b) Details of the adsorption configuration
of molecules at the step edge. The crosses with different color mark a
different adsorption conformation. Uy, = —0.5 V, I, = 60 pA, 9 nm
X 9 nm.

a deposition rate of about 0.03 monolayer (ML) per minute.
By changing the surface temperature and deposition time,
molecule layers of different coverage are prepared and the entire
growth process of the TB-ZnPc monolayer is investigated by
means of LT-STM. The low temperature of 4.5 and 77 K greatly
reduces the mobility of TB-ZnPc molecules on Au(111), and
details of the molecules can be observed.

III. Results and Discussions

A. Single-Molecule Adsorption of Different Isomers. Fig-
ure 1 gives the chemical structure of the TB-ZnPc molecule, in
which four of the eight periphery hydrogen atoms in the phenyl
rings are substituted by four /Bu groups. All four rBu groups
have two possible substituting locations. Taking symmetry into
account, this leads to four different isomers of TB-ZnPc, as
shown in Figure la—d. The choice of TB-ZnPc, with its
nonbonding Zn 3d band, and Au(111), a surface of low energy,
should in principle result in a low molecule—substrate interaction.

When the molecules are deposited onto a clean surface,
usually the locations with the lowest adsorption energy such as
steps, kinks, and flaws on the terrace will be the optimized
adsorption sites. As shown in Figure 2a, at the initial stage, all
TB-ZnPc molecules are adsorbed at the step edge, where each
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molecule is imaged as four bright spots. The bright features
can be attributed to the /Bu groups substituted benzene rings in
a TB-ZnPc molecule with a flat-lying orientation. The central
zinc ions appear as a dark area. The close-up image in Figure
2b clearly suggests two different adsorption configurations.
Configuration I, marked by green crosses, has one leg on the
upper terrace, one leg on the lower terrace, and the other two
legs on the boundary edge. In configuration II, marked by a
white cross, two legs are located on the upper terrace and the
other two on the lower.

When the step edges are fully occupied, the molecules start
to adsorb first on the elbow positions, then on the fcc and hep
regions of the Au(111) surface.’ Some individual molecules
can be observed keeping their original configuration at liquid
helium (LHe) temperature, while at higher temperature (liquid
nitrogen temperature, 77 K) they will diffuse or rotate on the
Au surface. As shown in Figure 3, four isomers of TB-ZnPc
can be distinguished by the STM imaging at LHe temperature.
A rectangle, trapezoid, square, and trapezuim are used to
represent the four isomers according to their shape obeseved in
the STM images. Between two adjacent bright spots of each
molecule, three typical length are measured (see Figure 3a—d),
corresponding to three distances between two adjacent tBu
groups. The shape of the four molecules is indicated in each
STM image. Lines with three different lengths, 1.4, 1.25, and
1.0 nm, assemble to the four symbols. The apparent height of
the molecule is about 1 A, a value in accordance with those of
other MPcs recorded in a flat-lying configuration.

B. Structural Evolution in the Monolayer. Figure 4a shows
an STM image of one kind of TB-ZnPc isomer, in which one
single molecule and one dimer are observed. To achieve the
most stable configuration and the lowest adsorption energy,
the molecules in the dimer are not arranged in a side-by-side
configuration. Instead, the long axes of the two molecules are
perpendicular to each other, and the fBu groups are in close
contact with the tBu groups in the neighboring molecule.

With the increasing coverage, the molecules are arranged in
a similar way to build two-dimensional structures. A molecular
monolayer is shown in Figure 4b, which is recorded after
depositing TB-ZnPc molecules on Au(111), while the surface
was kept at 80 °C. This TB-ZnPc isomer arrangement is noted
by the P, structure, giving a packing density of 0.31 molecule/
nm? The closest-packing way of this TB-ZnPc molecular
arrangement is also the most common molecular arrangement
of metal phthalocyanines.'®"'® From the STM images, one can
obtain the lattice parameters: A; = 1.78 nm, B; = 1.82 nm, and
an angle of 90° between the basis vectors. Besides, the angle
between the basis vector A, and the' "!° direction of the Au(111)
substrate is about 25°. Due to the different conformation of
isomers, the molecular monolayer is not perfectly ordered. In
other words, P, is a quasi-ordered monolayer. The two TB-
ZnPc isomers marked by two yellows circle can be identified
with the trapezium shapes but different orientations. Other
isomers can also be observed from the monolayer, such as a
square-shaped TB-ZnPc molecule, which is marked by a green
circle.

Figure 4c shows a large-scale landscape of TB-ZnPc self-
assembled monolayer with P; structure. The formation of large
well-ordered domains extended over hundreds of nanometers
indicates a low diffusion barrier of TB-ZnPc on Au(111). The
molecules in the first layer exhibit a saturated and stable
structure, and few individual molecules are adsorbed on the first
layer. Due to the various environments, the molecules in the
second layer are imaged differently as irregular bright spots.
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Figure 3. Occupied state STM images of TB-ZnPc isomers on Au(111). The chemical formulas of isomers shown in a—d have been presented at
Figure la—d with the same sequence. The shape of the isomers is represented by the symbols next to the STM images. The size of each symbol
is determined from the distance between the center of two adjacent bright lobes of each isomer. Image sizes: 5 nm x 5 nm.

Figure 4. (a) High-resolution STM image of a single molecule and
dimer. All molecules are imaged as four bright spots with D,;, symmetry.
Upins = —1.8 V, I, = 50 pA. (b) Monolayer of TB-ZnPc molecules
adsorbed on Au(111) at 80 °C (Structure P1). The lattice parameters
are A; = 1.78 nm, B; = 1.82 nm, and y; = 90°. The yellow and green
circles mark two different isomers with different trapezium shapes. Up;,s
= —0.8 V, I, = 36 pA. (c) Large-scale image of the TB-ZnPc
monolayer. Uy, = —1.26 V, I, = 36 pA. (d) Proposed model for the
TB-ZnPc P, structure; one unit cell is marked by the dashed yellow
lines.

Figure 4d gives a possible model to illustrate the molecular
arrangement of the first layer in the P structure. Only one kind
of TB-ZnPc isomer is shown as an example. On the basis of a
unit cell deduced from Figure 4d, the molecules are placed at
a position with most of the atoms in the TB-ZnPc molecule on
top of hollow sites of the Au(111) surface. In this model, every
fBu group is located in the middle of two groups of the
neighboring molecules.

When depositing TB-ZnPc molecules on Au(111) with the
substrate temperature increased to 100 °C, a more ordered
molecular network P, rather than P, will form. Figure 5a shows
a large-scale landscape of the P, network structure. Two domains
of P, network are visible in Figure 5a, which are labeled D,
and Dy, In the middle right of this STM image there is a typical
spiral dislocation of Au(111) substrate, which separates D, into
two parts. Note that the ordered molecular arrangement is not
affected by the dislocation, which indicates the high stability

of the P, structure. Disordered regions of the TB-ZnPc mono-
layer are also seen at the upper left part and lower part in Figure
5a, which suggests a thermodynamic equilibrium between the
ordered phase and disordered phase at elevated substrate
temperature. The angle between the basis vectors of domain
D, and Dy, is 30°. Due to the 6-fold symmetry of the Au(111)
surface, the molecular configuration has three equivalent
orientations. Because the molecules are able to be arranged side
by side along two directions which are parallel with the two
mirror axises M1 (see Figure 1a), six equivalent domains can
be formed together with the same set of basis vectors. Compar-
ing P; with P,, the two basis vectors of P, are perpendicular to
each other and the arrangement of molecules along the two
vectors is the same. Therefore, only three P; domains exist on
Au(111).

Figure 5b shows a high-resolution image giving the submo-
lecular details of domain D,. The packing density of molecules
in the P, structure can be counted as 0.35 molecule/nm?>.
Contrary to the molecules in P, the observed configurational
diversity of different isomers decreases greatly. Most of the
molecules are imaged as four bright spots arranged in a square
shape. The molecules are ordered side by side along one
direction which is parallel to one of the unit cell vectors of
the monolayer. Along the other basis direction, the molecules
are in interlaced arrangements. We describe this TB-ZnPc
structure by a unit cell with a molecule in every corner. For the
STM images, one can obtain the average lattice parameters: A,
= 1.75 nm, B, = 1.65 nm, and an angle 75° between the basis
vectors. The angle between the A, direction and the [1—10]
direction of the Au(111) surface is 15°. For all the domains
investigated by STM, the mirror axis M1 of the MPc core is
aligned along one close-packed direction of the substrate.

We propose a model to interpret the STM image of TB-ZnPc
on the Au(111) surface. A TB-ZnPc isomer with a square shape
is placed into a unit cell determined from Figure 5b. We chose
several possibly stable adsorption configurations of TB-ZnPc
on Au(111).' After that, we search the most optimized
configuration in the monolayer by means of first-principles
calculations based on density functional theory (DFT) (for
technical details, see ref 19). The result is shown in Figure Sc.
The zinc atom is located on the hollow site of Au(111), and
the mirror plane M, of TB-ZnPc molecule is nearly parallel to
a main direction of the Au(111) surface. We also calculate the
partial charge density of the TB-ZnPc molecules, which are
placed on a unit cell determined from Figure 5b, as shown in
Figure 5d and Se. The calculated images of the partial charge
density are in agreement with the STM images of the TB-ZnPc
molecules. The four lobes correspond to the four Bu groups
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Figure 5. STM image of TB-ZnPc molecules adsorbed on Au(111) at 100 °C (Structure P2). (a) Large-scale image showing different structural

domains. D, and D, correspond to two of the six possible domains. Uy,s = —1.2 V, I, = 50 pA. (b) Enlarged image of domain I shows the
high-resolution details, and the lattice parameters are A, = 1.75 nm, B, = 1.65 nm, and y, = 75°. The blue cross lines indicate the molecule, and
the yellow lines mark one unit cell in the lattice. Up,s = —1.2 V, I, = 965 pA. (c) Ground-state adsorption configuration of the TB-ZnPc molecule

on the Au (111) surface. (d and e) Partial charge density of the TB-ZnPc monolayer deposited on the Au(111) surface from the Fermi level to —2

and +2 eV, respectively.

and four benzene rings. The darkness in the center of the
molecules is attributed to the fully filled 3d orbital of zinc
atoms?? and the decoupling of the Pcs skeleton from the Au(111)
surface after the molecules are raised by the rBu groups.

Note that the P1 structure is closest packed in the way of
common phthalocyanine monolayers, but its packing density is
lower than that of the P2 structure. This is contrary to common
sense because usually the closest-packed structure has the
highest density and is well ordered of molecules. From the STM
image, Figure 4c, many TB-ZnPc isomers can be observed with
different shapes. Due to the influence of different shapes and
the compositional disorder of TB-ZnPc isomers, the molecular
density of P1 is lower than P2, although the molecules are in
the closest-packed configuration for Pcs. To explain the
contradiction, we propose an isomers unification mechanism.
For phthalocyanines and their derivatives, deformation of
phthalocyanine skeletons often occurs, only if there are enough
molecule—molecule or molecule—substrate interactions.?*** At
higher surface temperature, molecules have more energy to
overcome potential barriers that result in higher molecular
diffusivity. In this regime, the thermodynamic growth mode
plays a more dominant role to form more ordered and stable
structures. Considering the small thermal energy difference
between the P, and P, structures, we can conclude that the uni-
fication process would be explained by deformation of phtha-
locyanine skeletons and twist of rBu groups other than isomer-
ization of TB-ZnPc isomers. During the self-assembly process
of TB-ZnPc molecules when surface kept at 100 °C, the inner
rings of Pc macrocycles are able to transform into a suitable
configuration to adjust the positions of four benzene rings and
reduce the difference between four kinds of TB-ZnPc isomers.
As shown in Figure 5b, most of the molecules are close to a
square shape. The assembled square-shaped molecules can
combine more molecules in the same area than assembly of
differently shaped molecular isomers.

For each molecule in P,, each of the two fBu groups is placed
closely side by side with two rBu groups of the adjacent
molecule. This arrangement of P, gives a stronger interaction
for deformation than the intramolecule interaction in the P,
structure, where the rBu groups of the molecules are inserted
into the middle of the two rBu groups of another molecule. It
is reasonable to conclude that isomers unification is more
favorable in the side-by-side arrangement of P, than in the
interlaced arrangement of P;. In general, the interlaced arrange-
ment has the highest molecular density for Pcs and their
derivatives. Therefore, in the P2 structure, molecules are placed
side by side along one direction to achieve the necessary
deformation motive and interlaced along another direction for
close packing.

IV. Conclusions

We investigated the adsorption configurations and assembly
behavior of TB-ZnPc molecules on the Au(111) surface by
means of low-temperature STM and DFT calculations. The four
isomers of TB-ZnPc molecules can be identified with different
shapes from their STM images. In the initial adsorption stage,
selective aggregation of TB-ZnPc isomers is observed. In the
closest-packed P1 structure of the TB-ZnPc monolayer, isomers
are mixed together and the structure ordering is influenced by
the different shapes and compositional disorder of isomers. By
raising the substrate temperature during the self-assembly
procedure, the Pc skeletons have enough energy to deform and
most of the TB-ZnPc molecules transform to a square shape.
The intermolecular interaction is responsible for the molecular
deformation, and another structure P2 of the self-assembled
monolayer can be formed. This investigation is helpful for a
deep and comprehensive understanding on the adsorption and
growth behavior of TB-ZnPc and other MPc molecules with
different isomers.
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