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ABSTRACT: Iodine doping in organic films has been well
studied in polymer chemistry, while the role of iodine doping
in regulating self-assembled molecular structures on surfaces
under ultrahigh vacuum conditions has been little discussed.
Herein, we choose iodine (I,) and cobalt-phthalocyanine
(CoPc) molecules as a model system that presents stepwise
structural transformation of CoPc self-assembled structures

induced by I, doping at different dosages. It is found that iodine atoms prefer to occupy the face-centered cubic regions of the
Au(111) herringbone reconstruction at the first step, and the herringbone reconstruction is completely lifted when dosing more
and more I, until the system reaches a full-monolayer coverage. By regulating the I, dosages step by step on a CoPc precovered
surface, various I-CoPc structures are obtained. Furthermore, thermal treatment results in the formation of more homogeneous

long-range ordered I—CoPc structures.

B INTRODUCTION

The field of structural transformation of self-assembled
structures has been well studied in varied and innovative
directions for on-surface molecular self-assembly.' ™ Organic
molecules interacting with various atoms (including metals or
halogens) or small molecules have attracted more and more
attention, where a variety of complicated multicomponent
structures gossessing specific properties have been con-
structed.*™"* Among others, halogen is a common dopant in
organic films in polymer chemistry.">™"” In recent years, the
influence of individual halogen atoms on the formation of
organic structures has received particular attention for on-
surface chemistry.”” For example, bromine atoms can induce
phase transition of assembled molecular superstructures via C—
Br--Br bonds.” It was also shown that atomic bromine mediated
self-assembled networks by C—H--Br bonds.” Recently, as
reported by our group,9 the iodine atoms are found to be able to
induce structural transformation of metal—organic motifs.

On the other hand, controllable construction of self-
assembled nanostructures of metallo-phthalocyanine (MPc; M
= Fe, Co, Ni, Mn, etc.) on solid surfaces'®™>' has been widely
investigated over the past decades owing to its broad range of
applications, such as molecular electronics, sensing elements,
catalysis, light harvesting, and organic light-emitting di-
odes.””~** Most previous works were focused on the adsor}l)tion
of gas molecules (such as CO,”*NO,** NH,,””** and so on*>*")
binding to the metallic center of MPc molecules as axial ligands,
which result in geometric changes and furthermore influence
both the electronic and magnetic properties of MPc, while
halogen atoms are usually used to decorate the Pc molecules by
attachin§ to either the metal center’”*" or the peripheral phenyl
rings”*** for the following in situ molecular assemblies or
chemical reactions on surfaces.>> Moreover, Gothelid et al.>*
showed that predeposition of iodine as an intermediate layer on
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Pt(111) can reduce the interaction between ZnPc molecules
and the metal surface. However, to our knowledge, the role of
iodine doping in regulating self-assembled structures of MPc
molecules on surfaces under ultrahigh vacuum (UHV)
conditions has been little discussed. It is therefore of general
interest to study the influence of halogen atoms in the self-
assembly behaviors of MPc molecules on the surface, which may
furthermore help to increase our fundamental understanding of
the electronic and magnetic properties of the metal centers.

Herein, we choose iodine (I,) as the dopant to investigate the
interaction between iodine atoms and cobalt-phthalocyanine
(CoPc) molecules on the Au(111) surface. From the high-
resolution scanning tunneling microscopy (STM) imaging, we
unravel that (i) iodine atoms prefer to occupy the face-centered
cubic (fcc) regions of the herringbone reconstructions
surrounded by CoPc molecules at the first step, and the
reconstructions are completely lifted when dosing more iodine
to a full- monolayer coverage of a multicomponent system in a
general scenario; (ii) by stepwise deposition of iodine atoms
onto the CoPc precovered surface held at room temperature
(RT), different I—CoPc self-assembled structures are observed;
(iii) by thermal treatment of the surface, thermodynamically
more stable I-CoPc structures are obtained. These findings
provide a real-space determination of the interaction between
iodine atoms and CoPc molecules on the surface, which would
render further characterizations of the electronic and magnetic
properties of the metal centers within different I-MPc
structures.
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Figure 1. (a) Large-scale STM image of the self-assembled structure of CoPc molecules on Au(111) at RT. (b) Close-up STM image with the
structural model superimposed. The substrate lattice direction is indicated by a white arrow, and the unit cell of the structure is indicated by a green

contour. H, white; C, gray; N, blue; Co, light blue.

Figure 2. (a) STM image showing low-coverage iodine self-assembled structure on Au(111) at RT. (b) Large-scale and (c) close-up STM images
showing the high-coverage iodine self-assembled structure on Au(111) at RT. The inset in (c) shows a line profile along the blue line.

B METHODS

All STM experiments were performed in a UHV chamber (base
pressure 1 X 107" mbar) equipped with a variable-temperature,
fast-scanning “Aarhus-type” STM using electrochemically
etched W tips purchased from SPECS,**° a molecular
evaporator and an e-beam evaporator, and other standard
instrumentations for sample preparations. The Au(111)
substrate was prepared by several cycles of 1.5 keV Ar"
sputtering followed by annealing at 820 K for 15 min, resulting
in clean and flat terraces separated by monatomic steps. The
CoPc molecules (purchased from Tokyo Chemical Industry
Co., Ltd.) were loaded into a glass crucible in the molecular
evaporator. After a thorough degassing, the molecules were
deposited onto the Au(111) substrate by thermal sublimation at
570 K, and the sample was thereafter transferred within the
UHYV chamber to the STM, where measurements were carried
out at ~100—150 K. I, (purchased from Sigma-Aldrich, purity
>99%) was then dosed in situ onto the surface through a leak
valve at a pressure of 3 X 10™® mbar for 1 min. Scanning
conditions: I, = 0.5—0.8 nA, V, = ~1200 mV. All of the STM
images were further smoothed to eliminate noises.

B RESULTS AND DISCUSSION

Deposition of CoPc molecules on the clean Au(111) substrate at
RT at the coverage of 0.7 monolayer leads to the formation of a
highly ordered self-assembled structure (structure I), as shown
in Figure 1a.*” The Au(111) herringbone reconstruction is still
preserved, indicating the relatively weak interactions between

CoPc molecules and the substrate.***” From the high-resolution
close-up STM image (Figure 1b), we identify that a single CoPc
molecule is imaged as a four-lobe pattern with a bright
protrusion (i.e., the Co atom) in the center.”” One of the axes
of CoPc is along the [011] direction of the substrate, and owing
to 3-fold symmetry of the Au(111) surface, three equivalent
molecular orientations are observed.”***' The self-assembled
CoPc structure displays a square unit cell (a; = b, = 1S A, 6, =
90°), as shown in the green contour in Figure 1b. The
intermolecular interactions are mainly van der Waals forces.
Exposure of the clean Au(111) sample at RT to the iodine
atmosphere at a pressure of 3 X 10~® mbar for 1 min leads to the
perturbation of the herringbone reconstruction, as shown in
Figure 2a. As previously shown in the literature,”** I, would
dissociate into the atomic form and chemisorb on the surface
under UHV conditions. Most of iodine atoms resolved in
pronounced density of states aggregate in fcc regions of the
Au(111) surface, and parts of soliton walls are perturbed. It can
also be seen that some iodine clusters are located at the elbow
sites. Similar behaviors were also observed for a variety of
molecules adsorbed on the Au(111) surface.” Increasing the
iodine dosages to a full-monolayer coverage leads to the
formation of an extended close-packed structure with iodine
atoms resolved as bright dots, as shown in Figure 2b. The high-
resolution image (Figure 2c) shows a \/ 3 X \/ 3 R30° lattice
structure, and the distance between two nearest iodine atoms is
~$ A (cf. the inset in Figure 2c), which is equal to /3 times of
the Au(111) lattice constant as reported.*”** In this case, the
herringbone reconstruction is completely lifted. The disturb-
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Figure 3. STM images showing the process of structural transformations via step-by-step deposition of iodine atoms on the CoPc precovered surface at
RT. (a—e) Coexistence of different structures during the transformations. Dashed lines in (a) and (e) indicate domain walls of the Au(111)
herringbone reconstruction and the structural boundaries. (f) Structure IV obtained by final dosing of iodine atoms on the sample.

Structure II

b Iy

Structure 111 Structure IV

Figure 4. (a—c) Close-up STM images of the I-CoPc structures II, III, and IV, where the unit cells are indicated in the images, respectively. (d—f)
Corresponding schematic structural models. H, white; C, gray; N, blue; Co, light blue; I, brown.

ance of the herringbone reconstruction is attributed to the To investigate the interaction between iodine atoms and

. . . o CoPc molecules, we dose iodine step by step (at a vapor pressure
relatively strong interaction between iodine atoms and the _3 .

of 3 X 10™° mbar for 1 min at a low coverage of 0.05 monolayer
surface. in each step) on a CoPc precovered surface at RT, and a
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Figure 5. Large-scale (a—c) and close-up (d—f) STM images of the I-CoPc structures V, VI, and VIJ, respectively, obtained by annealing the surface at
420 K. The unit cells are indicated in the images. (g—i) Corresponding schematic structural models. H, white; C, gray; N, blue; Co, light blue; I, brown.

successive process of structural transformations is observed, as
shown in Figure 3. Figure 3a shows that the iodine atoms prefer
to interact with the CoPc molecules in the fcc regions by forming
the I-CoPc structure labeled as structure II (where the self-
assembled structure of CoPc is labeled as structure I). By
increasing the dosages of iodine, the I-CoPc structures labeled
as III and IV within the fcc regions are obtained, as shown in
Figure 3b—d, in which the CoPc molecules in hexagonal closed-
packed (hcp) regions are still not perturbed (i.e., by keeping as
structure I). Deposition of iodine for another 1 min under the
same pressure results in the perturbation of the CoPc molecules
in hep regions (after fcc regions are completely occupied) by
forming the structure II, as shown in Figure 3e. Finally, the
whole surface is covered by I—CoPc structure IV (and
meanwhile the herringbone reconstruction is lifted) with iodine
doping by one more step, as shown in Figure 3f. The above
process indicates that the interaction between iodine atoms and
the substrate plays a crucial role in such a structural formation.

The close-up STM images allow us to identify the I-CoPc
structural motifs within the structures II, III, and IV, as shown in
Figure 4, in which the iodine atoms are imaged as dots
embedded among the CoPc molecules. Figure 4a shows that an

iodine atom is located in the center of four CoPc molecules (and
the self-assembled CoPc structure is little perturbed), and within
the unit cell of a, = b, = 15.5 A with 8, = 83°, the local ratio of
CoPc/Iis 1:1. From the close-up STM image of structure III (a,
=18.5A,by=19.5 A, and 0, =124°) shown in Figure 4b, it can be
noted that three more iodine atoms are embedded into the two
sides of CoPc molecules and local ratio of CoPc/I is 1:4. If the
dosage of iodine is further increased, the structure IV is formed,
as shown in Figure 4c, in which the whole periphery of each
CoPc molecule is surrounded by iodine atoms. This structure is
composed of two structural motifs, as indicated by green and
blue contours in Figure 4c, in which the local ratios of CoPc¢/I
are 1:S (cf. the green unit cell of a, =20 A, b, = 17.5 A, and 0, =
60°) and 1:6.5 (cf. the blue expanded unit cell of ag = 21 A, by =
17.5 A, and 0 = 64°), respectively. The similar structural
transformation process is also observed in the case of Co-
tetraphenylporphyrin (CoTpp) rearrangements under NO
atmosphere.*

To investigate the influence of thermal treatment on the
structural transformations of I—CoPc structures, we anneal the
samples with different ratios of CoPc/I and obtain a series of
homogeneous structures, as shown in Figure S. After annealing

DOI: 10.1021/acs.jpcc.8b06260
J. Phys. Chem. C 2018, 122, 22959—22964


http://dx.doi.org/10.1021/acs.jpcc.8b06260

The Journal of Physical Chemistry C

the structure shown in Figure 3b at 420 K for 10 min, we observe
the formation of a more ordered structure (labeled as structure
V) with iodine atoms homogeneously distributed at the two
sides of CoPc molecules, as shown in Figure Sa. In this case, the
herringbone reconstruction is also completely lifted. From the
close-up STM image shown in Figure 5d and the structural
model in Figure Sg, we identify that the ratio of CoPc/Iis 1:3 in
this extended I—CoPc structure (ag =20 A, bg = 16 A, and 95 =
84°). Further regulating the ratio of CoPc/I when deposited at
RT and followed by annealing at 420 K results in other two
extended I—CoPc structures. For example, the one shown in
Figure Sb is identified as structure VI (a,=38.5 A, b, =53 A, and
0, = 75°), in which the ratio of CoPc/I is 1:4.25 as evidenced
from the close-up STM image (Figure Se) and the structural
model (Figure Sh). Such a structure is an intermediate state
before the iodine atoms completely occupy the available sites
around CoPc molecules. When the iodine atoms reach the
saturation situation, a homogeneous long-range ordered
structure VII after annealing at 420 K is observed, as shown in
Figure Sc. The homogeneous array has a unit cell of ag = 20 A, by
= 17.5 A with 0 = 60°. In this structure, the ratio of CoPc/I is
1:S. The structures V, VI, and VII are thermodynamically more
stable than those before annealing, and in these structures, the
iodine atoms are more homogeneously distributed, forming
long-range ordered I—CoPc structures.

According to the previous literature, it is noted on the basis of
the results that desorption of iodine atoms occurs at 523 K on
Au(111).** In addition, the CoPc self-assembled structure
remains unchanged on Au(111) when further annealed until
reaching the C—H activation temperature at 680 K.*' Therefore,
the annealing temperature 420 K is sufficiently low to safely
exclude any possibilities of iodine atoms desorption and C—H
activation in CoPc molecules. Moreover, we have performed
additional comparative studies after annealing the homogeneous
system shown in Figure Sa and found that the structure
remained unchanged until 523 K, which can to some extent
verify that the desorption energy is even higher. Therefore,
thermal treatment triggers the structural transformation,
resulting in the thermodynamically most stable structure, rather
than the ratio of CoPc/I or the change of molecules.

B CONCLUSIONS

In conclusion, on the basis of high-resolution STM images, we
have systematically studied the interactions between iodine
atoms and CoPc molecules by demonstrating the structural
transformations of I-CoPc structures with respect to the ratios
and thermal treatments. At low coverages of iodine on a CoPc
precovered surface, the iodine atoms prefer to absorb on fcc
regions of Au(111) herringbone reconstruction. By increasing
iodine dosages step by step, various I—CoPc structures are
obtained and the herringbone reconstruction is lifted finally.
Thermal treatment can make iodine atoms diffuse more evenly
to construct more homogeneous long-range ordered I-CoPc
structures. The real-space experimental determination of I—
CoPc hybrid structures at the single-molecule level presented in
this work would render further characterization of the electronic
and magnetic properties of the metal centers in relation to
halogen doping, and also, on the other hand, investigation of the
fundamental mechanism of transport properties with respect to

halogen doping.
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