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Spontaneous Solution-Phase Redox Deposition of a Dense Cobalt(ll) Phthalocyanine
Monolayer on Gold
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A dense monolayer of cobalt(ll) phthalocyanine, CoPc, can be formed on a gold surface by spontaneous
redox deposition followed by vacuum annealing at about A20CsCoPc(CN)or KCoPc(CN} in dilute

(~107% M) ethanol solution rapidly forms a dense adlayer that, when washed with ethanol, can be imaged by
scanning tunneling microscopy, STM, in air. This adlayer is converted to a monolayer of CoPc by vacuum
annealing as confirmed by STM and X-ray photoelectron spectroscopy (XPS). This spontaneous surface redox
adsorption process represents a novel method for depositing metallorganic complexes, which are ultimately
only physisorbed on gold.

Introduction studied the extensive hydrogen bonding networks formed day
Phthalocyanine (Pc) and porphyrin-based (P) electrical con- trm;ﬁS'? iC'd En graphl';l%.d ¢ | ¢ . h >3
ductors are used extensively as building blocks for constructing 0 tfell.a ovhe met g S for molno ayerr] ormation sbaresa
stable 2D supermolecular electronic assemblies. The architec-common failing-they produce monolayers that are not substrate
location-selective. Because the final layer is physisorbed ratber

tural forms of these structures include simple clusters, wires, h hemisorbed. al ¢ he adsorb hi i
arrays, and even designer surfates.Understanding the than chemisorbed, almost any surface the adsorbate hits svi
ort it (snow on a field). Given a complex device structuse

principles of architecture and the ability to control Pc assembly SUPP : .
on surfaces continues to be of critical importance in the rational with exposed surfacgs of various metals and semiconductess,
design and construction of functional optoelectronic nanoscale &l Of the surfaces will be coated. . 60
devices derived from phthalocyanines and porphyrins. The most A pathway to the 2D architecture of physisorbed complex
basic monolayer architectures arise from vapor deposition. molec_ules that has not been explored is the formation of self-
Simple complexes deposited on conductive surfaces in vacuumerganized molecular monolayers by spontaneous redox processes
or from solution exhibit a close-packed arrangement that results@t the substrate surface. In this report, we present a general&ed
from van der Waal's interactions between the molectitds. ~ @Pproach where a soluble species having a redox reacton
Hipps and co-workers vapor deposited different 2D metal induced by a meta! electrode sponta_neously decomposes é6 a
phthalocyanine and porphyrin assemblies on gold and imagedWell ordered physisorbed layer of insoluble product upen
them by UHV scanning tunneling microscopy (STM) with glectrlca[ contact with that metal. The chemlstry Qescrlbgd hese
remarkable submolecular resolutid®® Bai demonstrated that 1S very different from that of the conventional thiol or thiolates
monolayer molecular arrays of alkane-derivitized phthalocyanine Précursor SAM films. In those systems, the final monolayeris
can be assembled from solution on straight-chain alkane chemisorbed to the _substrate surf&dée procedure presentedl_
templates deposited on graphitRecently, Itaya formed both ~ here does not require complex vacuum technology. Ratherit
a pure MPc and a mixed CoPc and copper tetraphenylporphyrinre“es on solub!llty partitioning between solutlpn and adsorbed
(CuTPP) adlayer by immersing a Au single crystal into a phases, and it can create very reprodumble well-orderad
benzene solution containing the parent compounds. By imaging SUbmonolayers, monolayers, and multilayers. We note thatwe
the adsorbate system in aqueous solution, he demonstrated &reviously observed the conversion of soluble FePcCl %o
structural dependence of the adlayer on the crystallographicinsoluble FePc by spontaneous reduction on an aluminam
orientation of the gold surface. surfacel® In that work, however, we did not determine thes
The 2D self-assembly of adsorbed Pc and P molecules alsoSurface structure of the adsorbed layer. 79
can be directed by selectively controlling noncovalent intermo- ~ Here we demonstrate the formation a stable 2D assenaly
lecular interactions such as van der Waals attraction and Of CoPc from solution via spontaneous redox reactions between
hydrogen bondin§-8 The best-known examples of hydrogen @ biaxially substituted dicyano cobalt phthalocyanine sat,
bonding-driven surface assembly include data reported by Hipps, MCoP¢(CN} (M = K, Cs), and a gold substrate. We selected
Yokoyama, and Griessl. Hipps and co-workers found the the CoPc(CNy* ion (shown in Figure 1) because of its4
formation of a new well-ordered 2D structure with 1:1 stoichi- chemical stability and solubility in simple organic solvents. Its
ometry of R¢CoPc and NiTPP on gold by vapor-phase deposi- X-ray structure has been reported. 86
tion in UHV.® Yokoyama observed small clusters and chains  The process by which the CoPc adlayer is formed on the
of CN-substituted porphyrins vacuum deposited on Au(111) in gold electrode can be elucidated in part from the cyche
a low-temperature STM environmehGriessl and co-workers  voltammetry (CV) studies of MCoPc(CNjeported by Hanack s9
and co-workerd? On the basis of their voltammetric datago
* Corresponding author. E-mail: hipps@wsu.edu. Hanack proposed that in acetone MCoPc(£ipxidized to a 91
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Scanning tunneling microscopy (STM) was performed botbs
in air and in UHV. The ambient STM images were collectaed4
using a Digital Instruments stand alone head and a Nanoscogse

N W N E controller, and the UHV STM data were obtained with ans
_ UGN ) RHK Technology® microscope (model UHV300) and controi27
N———\Qo’—l‘\l electronics (model SPM100). Images were plane fit and loves

= NC'| ) pass filtered. STM tips were prepared from 0.25-mm W hyo
Naw N\ N electrochemical etching or from ftro» wire by mechanical 130

cutting. W tips always required additional cleaning once in1
UHV. XPS analysis was performed on a Kratos Axis-1652
electron spectrometer having a base pressureoll5-°Torr. 133
Monochromatic radiation from an Ald&X-ray source was used134
Figure 1. Molecular structure of the CoPc(CN)ion, which measures  for excitation. Samples could be heated and cooled in placadn

approximately 1.4 nm across and 0.61 nm along the-RG—CN the XPS system. 136
fragment.

_ o _ Results and Discussion 137
neutral radical, CoPC(Ch)The oxidization potentially;) of Solution-grown specimens were first examined in air by STis

MCoPc(CN} in acetone and 0.1 M BNCIO, was measured 514 then transferred into the UHV chamber housing either tize
at0.88 V (sce). Applying our orbital-mediated tunneling (OMT) RHK STM or the XPS system. Parts a and b of Figure 2 shawe
model to this process, we predict thatBuboxq)0f 0.88 V (sce) typical large-scale STM images of Pc adlayers formed by
is equivalent to 5.29 V relative to the vacuum st&t€hat value exposing Au(111) to KCoPc(Chl)solution. Samples were1s2
is very close to the measured work function for Au(111), 5.3 \yashed with ethanol and dried prior to measurement. Similas
V. Thus, we expect CoPc(C)Y in contact with the Au(111)  yagyits were obtained from CsCoPc(GNplution. Image 2a 144
to oxidize spontaneously to the radical. We have found that the \,,55 acquired in air. Micrographs such as 2a were obtained viith
CoPc(CN; radical then follows a complex redox pathway with 5 high level of reproducibility, and samples were stable for wt
the eventual formation of neutral and insoluble CoPc derivative |ggst 1 day when stored in a desiccator. Images b and ¢ of Figure
species adsorbed on the gold surface. Upon low temperaturey \vere obtained in an UHV environment after annealing thes
(110 °C) annealing in vacuum, this monolayer converts com- solution-grown sample at 11 for a few minutes. 149
_pletely to cobalt(ll) phthglocyanine. We note here th_alt the Large-scale images show well-ordered 2D assemblies with
isolated MCoPc(CN)salt is stable to 300C before the first jigtinct molecules. Measurements made in air also show randsm
cyanide is cleaved from the cobalt iéh. groupings of molecules well separated from islands and high
spots associated either with axially substituted phthalocyanings
or adsorbates on the Pc layer. These isolated molecules =ad
The ionic complex, MCoPc(CNM)(M = K or Cs), was small clusters are not usually observed at room temperaturesi
prepared and purified by published methédsElemental CoPc films vapor deposited on Au because the CoRc 156
analysis,'H NMR, and infrared spectroscopy confirmed the interaction is too weak and there is rapid diffusion of molecules
purity. Well-organized phthalocyanine monolayers on Au(111) between islands. We were unable to obtain submoleculss
were formed by exposing freshly annealed Au(111) substratesresolution images in air. This may be due to the mixeds
to a 10 M ethanolic solution of the MCoPc(Ch)omplex composition of the initially formed layer (vide infra) or to aeo
for 10 min, washing with a small amount of ethanol, and drying CoPc-O, adduct that may form under these conditiéhs. 161
under a gentle flow of inert gas for 15 min. A high-vacuum It is useful to note that the STM image obtained in air frons2
multipurpose deposition chamber was used for the preparationthe as-deposited solution is less densely packed than thateef
of CoPc submonolayers on Au(111l)/mica samples by vapor the annealed monolayer. Figure 2a shows rows with an interreal
deposition. CoPc was purchased from Strem Chenitcarsd spacing of about 1.2 nm but a rewow spacing of about 1.7 165
twice sublimed before it was deposited from a tantalum box nm. In contrast, the interatomic spacing in parts b and c of Figuse
source. Both solution- and vacuum-deposited samples were2 is 1.2 nm in any direction. After annealing, the structure is7
transported in air to the load lock of the XPS where they were defined by a much denser square unit cell. The origin of this
analyzed under UHV. structural change is still unclear but is probably related to tie

Experimental Section

*

Figure 2. STM micrographs of Au(111) exposed to2M ethanolic KCoPc(CN)for 10 min and washed with ethanol: (a) 5050 nn? image
acquired in air with 0.8-V bias voltage and 180-pA tunneling current, (bx380 nn? image, and (c) high-resolution 10 10 nn? image. Both
b and c were obtained under UHV conditions after annealing at C1&ample bias and tunneling current wer@.32 and+0.75 V and 100 pA,
respectively, for images b and c. A Ptlr tip was used for all three images.
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Figure 3. Correlation-averaged 3D image of a single CoPc molecule
on Au formed from redox adsorption from solution.
. -, . | |
mixed composition (vide infra) of the as-formed monolayer.
Alternatively, the coadsorption of solvent may also influence 773 7_85_ 798 810
the as-grown structure. Blndlng Energy (eV)

Details of the internal structure,_orientat_ion, and packir_lg of Figure 4. XPS of the Co 2p region of phthalocyanine complexes on
the adsorbed complex are seen in the high-resolution imageay(111).

(Figure 2c) obtained in UHV after sample annealing. Individual

phthalocyanine molecules can be recognized by their clover- oy proposed mechanism begins with the spontaneaus
leaf shapes with a cen_tral peak_ and four additional spots at thegyidation of MCOoPc(CN) by gold, driven essentially by its219
corners. To better define the single-molecule constant current giner large work function. To test this, we have performed XB®
contour, we performed a correlation average on the data instydies of the solution-phase adsorption on both gold and
Figure 2c, and a highly accurate image results (Figure 3). In gjyminum. (Al has a work function about 1 eV less than that a2
this low-noise, high-resolution image, one may observe that the Ay ) We find that, as expected, the initial reaction occurs rapidisa
benzene rings of the Pc ring are more effective conductors thanyith gold metal, but there is no apparent reaction witia4
the f|ve-m_embered rings. The large characteristic increase in gjyminum. Thus, one may envisage the selective depositiorzasf
the tunneling probability at the center of the molecule has been copc upon gold contacts in the presence of a number of otreer
attributed to the hglf-filled d orbital acting as an a_tomic wire.  materials (including copper, aluminum, and silicon) that haver
The apparent height at the molecullar center Is .onver than significantly smaller work functions than does gold. In fact, tpps
expected for the case of cyano substitution, but this is NOT a tajloring the redox potential of the initial reaction and the relatieeo
qef'nltl\ﬁ test. Note that although alkali ions can be observed soupility of the initial and final species, one could tailor theso
in STM*"no features attributable to either potassium or cesium gselective deposition of materials where the final product is orzty
ions have been seen in our STM studies. physisorbed to the surface. For example, a species that was
XPS analysis of both the unannealed and annealed CsCoPcCteduced at about0.4 V (sce) and became insoluble would bess

(CN), ethanolic solution samples (after washing) shows that selectively deposited on aluminum but not on gold or silicozes
there is less than 5% of the expected Cs/Co ratio. That is, therejn contrast, either vapor- or solution-phase deposition of thes

the surface species is clearly a neutral complex. The Co 2p

region of the XPS is also very informative. Initially (lower curve . .
d v y( tion for support in the form of grants CHE 0138409 and CHizs

of Figure 4) there are both €oand C&" species present on :
the surface, with peaks near 778.2 and 780.2 eV assigned 1g0234726. Acknowledgment also is made to the donors of the

the 2py» transition in C&* and those near 779.7 and 781.1 ev Fetroleum Research Fund, administered by the American
being due to C¥ . With annealing at 106C for 10 min, most Chemical Society. We also thank Dr. Louis Scudiero for hisi

of the surface layer has been converted t8'Cafter annealing ~ @SSistance in acquiring the XPS data. 242
at 110°C, the Co 2p XPS becomes identical to that of authentic References and Notes 243
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